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DIFFERENTIAL THERMAL ANALYSIS OF GALENA 
AND CLAUSTHALITE 


James A. DUNNE, AND Paut F. Kerr, Columbia University, 
New Vork, N.Y. 


ABSTRACT 


| Differential thermal analyses have been conducted on both natural and artificial lead- 
‘lfur-selenium compounds. Thermal curves of twelve natural galenas exhibit a striking 
sistency regardless of the genetic associations of the minerals studied. In certain in- 
ances, limited (5-10° C.) variations from the overall average peak temperature of 783 + 2° 
i appear, which seem to be related to lattice parameter differences. 

A range of synthetic compounds at ten molecular per cent solid solution intervals from 
0S to PbSe has been formed by pyrosynthesis. X-ray measurements of the series showing 
idimensional lattice variation in relation to composition plot as a straight line. Thermal 
{ita, on the other hand, produce a more complex plot which may be interpreted in terms of 
ith lattice energies and the nature of the observed reactions. DTA reaction temperatures 
be systematically related to cell dimensions in the range PbSe—PbSo.7Seo.3. DTA data 
en from samples in the compositional range PbSo.7Seo.3— PbS are believed to be affected 
riacongruent anion behavior and surface oxidation effects. Data on pyrosynthesis reac- 
pa (formation) temperatures exhibit a fundamental and systematic relation to molar 
aposition throughout the entire compositional range. 


INTRODUCTION 


Differential thermal analysis has long been utilized in the study of 
iinerals, beginning with the pioneer experiments of Le Chatelier (1887) 
id Roberts-Austin (1899). The method has found valuable application 
| the study of clay minerals, carbonates, sulfates and zeolites. Because 
| their destructive effects on thermocouples and metal heads, sulfides, 
Isenides and related minerals have until recently received little atten- 
lon in DTA studies. The difficulties encountered in the study of these 
katerials are discussed by McLaughlin (1957, p. 365), who presents sev- 
kal sulfide curves obtained with conventional DTA apparatus. Hiller 
ld Probsthain (1955, 1956) subjected sulfide minerals to DTA in an 
kert atmosphere and also in air. The technique employed, however, 
liled to yield complete oxidation as shown by the resulting curves. At 
bout the same time Kopp and Kerr (1957a) introduced a specially de- 
gned apparatus which, by means of alundum shielding for the thermo- 
puples and head metal, allowed DTA of corrosive materials in air. The 


1 


2 J. A. DUNNE AND P. F. KERR 


thermal head used in the present work is a modification of this unit, and 
is described elsewhere (Dunne and Kerr, 1960). Sabatier (1956) and 
Levy (1958), using dilution techniques, have obtained DTA curves for 
sulfides with unshielded thermocouples. Their work is, however, not 
directly comparable to that of Kopp and Kerr because of the use of 
greatly different grain size and heating rates. 


TECHNIQUE 


The sample weight has been fixed at 50 mg., and grain size maintained 
in the range 100-120 mesh (149-125 microns), both being selected for 
convenience in handling and measurement. The weights and dimensions 
conform to those used by Kopp and Kerr (1957a). The sample is mixed 
with approximately 300 mg. of pure quartz sand which has been ground 
to a diameter which ranges from 50-100 mesh (149-297 microns). Quartz 
provides both an internal temperature standard and a loosely packed 
framework with interstices large enough to assure adequate sample com- 
bustion. Uniform mixing of the sample and the quartz is allowed by the 
flat alundum bottom of the modified sample well (Dunne and Kerr, 
1960). Consistent packing is assured by tamping each charge with a 
specially constructed brass tamping tool. Reproducibility has been found 
to be a function of chart reading error. The 6” chart of the Leeds and 
Northrup Speedomax H recorder can be read to an accuracy of +5° C. 
The 12” chart of the Leeds and Northrup Speedomax G recorder can be 
read to an accuracy of +2° C. The latter instrument, part of the mul- 
tiple point arrangement used by Kulp and Kerr (1948) and Kopp and 
Kerr (1957a), has been used in the galena study, while the Speedomax H, 
contained in a new, more rapid single point recording system, has been 
used in the study of the synthetic PbS-PbSe series. All samples were 
heated at a rate of 124° C. per minute. 


DIFFERENTIAL THERMAL ANALYSIS OF GALENA 


Twelve galena samples from widely separated localities were analyzed, 
as tabulated in Table 1. Five representative DTA curves derived from 
these specimens have been selected as shown in Fig. 1. Sabatier (1956) 
and Levy (1958) present similar curves for galena with somewhat higher 
peak temperatures (850-860° C.). The temperature difference results 
from the use of different experimental procedures, particularly in the 
choice of grain size and heating rates. Temperatures are corrected by 
internal standard calibration to coincide with a quartz inversion tem- 
perature of 580° C., which corresponds to the value for this phenomenon 
given by the equipment used (Kopp and Kerr, 1957a). All samples ex- 
hibit a well defined exothermic deflection beginning around 740° C. and 
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eaching a peak value between 780 and 790° C. The reaction represented 
y this deflection is one of oxidation. X-ray diffraction diagrams of the 
eaction products exhibit a complex array of lines indicative of a mixture 
E sulfates, oxysulfates and oxides of lead. 

The uniformity which marks the five representative curves shown in 
ig. 1 is found to characterize all of the specimens examined, regardless 
f their widely varied genetic associations. There are, however, certain 
»nstant variations from the overall average corrected peak temperature 


TABLE 1. D.T.A. PEAK TEMPERATURES FOR GALENA 


DTA peak Lattice 


Sample No. Locality temperature constant 
(GEZe 1D) (A) 
P-1 Joplin, Missouri 783 5.935 
P-2 Vinegar Hill—Barr mine, Tristate District 782 
P23 Bonneterre, Missouri 782 
P-4 Potosi, Wisconsin 782 
P-5 Leadsville, Colorado 784 
P-6 Silver King mine, Park City, Utah 785 
P-8 Cornwall, England 783 5.935 
P-9 Ana mine, Przibram, Bohemia 788 5.934 
P-10 Freiberg, Saxony 783 
P-11 Los Lamentos, Chihuahua, Mexico 784 
P-12 Oruro, Bolivia 794 5.933 
= P-14 Sidney mine, C.oeur A.Alene District, Idaho 786 


~ 783+2° C., notably in the case of the sample from Oruro, Bolivia 
94+ 2° C.) and the sample from Przibram, Bohemia (788+2° C.). 
attice constant determinations were made on these and two average 
mperature samples, using standard x-ray diffractometer equipment 
ith reference to tables prepared by Parrish, e¢ al. (1953). The results of 
ese four measurements are tabulated along with peak temperature 
ilues in Table 1. The small inverse relationship here indicated is con- 
Jered a possibility, assuming cation substitution to be the controlling 
ctor for both anomalies. Kopp and Kerr (1957a) showed a similar rela- 
ynship between peak temperatures and lattice dimensions in ferrian 
halerites. As lattice constants increased in response to increasing iron 
bstitution, peak temperatures decreased. It must be recognized, how- 
er, that DTA data are frequently not subject to interpretation in terms 
lattice dimensions, as it may be shown that anion substitution in cer- 
in proportions can produce results that are entirely different from those 
dicated above. 
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Fic. 1. Representative D.T.A. curves of galena. The endothermic peaks at 580° C represent 
the inversion of quartz, which is used as an internal temperature standard. 


THE GALENA—CLAUSTHALITE SOLID SOLUTION SERIES 


Earley (1950) in a comprehensive study of the selenide minerals, de- 
scribed a synthetic solid solution series between galena (PbS) and claus- 
thalite (PbSe). More recently, Coleman (1959) demonstrated the exist- 
ence of the series in nature associated with the vanadium-uranium 
mineralization of the Colorado Plateau. The samples discussed below 
have been formed by a dynamic method of pyrosynthesis, similar to the 
static pyrosynthesis described by Earley. The procedure followed is 
given below. 

The weights of the constituent elements are calculated on the basis of 
their respective mole fractions in the desired mineral. After homogeniza- 
tion ina Wig-L-Bug mixer, a 0.5 gm. charge is extracted from the sample 
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fixture and introduced into a Pyrex tube which has been previously 
losed at one end. The tube is evacuated and sealed, then placed in a re- 
stance furnace and heated at a uniform rate to approximately 450° C. 
tfter heating, the sample is removed from the furnace and allowed to 
pol to room temperature. A temperature record is furnished by a ther- 
rocouple inserted into a preformed recess in the bottom of the sample 
ibe. This thermocouple and one similarly placed in a reference tube 
ction as a differential pair, and a strip chart record of the reactions 
ccurring during pyrosynthesis is obtained. This method for the differ- 
ntial thermal study of pyrosynthesis reactions is described elsewhere 
Bollin, Dunne and Kerr, 1960). 


LATTICE PARAMETER MEASUREMENTS 


Lattice parameter measurements were made on all samples, using 
‘andard x-ray diffractometer equipment. As the measurements were 
nade in an effort to secure data on the relative variation in lattice dimen- 
‘on with molar composition, they are not to be interpreted in terms of 
bsolute lattice constants. Hence, the data are given as measured d- 
pacings, and have not been converted to ad values. The measurements 
‘ere made at a goniometer speed of 3° 2 6 per minute, and the standard 
nart speed of 30” per hour. Thus, the charts can be read to an accuracy 
f +0.05° 20, which in the range of the d-values measured represents a 
1aximum reading error of one part in twenty-five hundred. Since sets of 
eterminations were taken consecutively over a small range in 26 values 
8.10-102.44° 26), relative errors arising from goniometer alignment 
say be considered negligible. Similarly, sample mount derivations were 
und to produce no measurable error. Hence, the maximum error in- 
erent in the measurements is essentially the maximum chart reading 
sor, 7.€., one part in twenty-five hundred, or approximately 0.004 Ain 
‘lative values. 

Measured values for the (600) line of samples representing a ten molar 
“r cent series between PbS and PbSe are shown plotted against molar 
ymposition in Fig. 2. The linear relationship between cell dimension and 
ymposition here indicated agrees with the conclusions of Earley (1950) 
id Coleman (1959). In terms of Zen’s (1956) analytical treatment of 
egard’s Law, these data indicate that the difference in the end member 
Jl volumes in this series is so small that no measurable distortion re- 
Its from the fact that cell edge data are plotted against composition, 
though it may be cell volume that varies linearly with molar composi- 
on. 

On the basis of cell dimension measurements such as are shown in Fig. 
it was discovered that a systematic compositional error exists in the 
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Fic. 2. Measured (600) d spacing vs. molar composition of samples comprising the syn- 
thetic PbS-PbSe series at intervals of ten mol per cent. 


samples used in differential thermal analyses. This error is believed to 
have resulted from the use of oxidized Pb in the preparation of certain 
specimens, and appears in the unequal compositional intervals between 
samples described in the DTA discussion. The samples represented in 
Fig. 2 were prepared using unoxidized Pb. 


REACTION TEMPERATURE DATA 


Strip chart records of the reactions involved in the formation of certain 
of the synthetic samples were obtained, utilizing the method outlined in 
the discussion of synthesis. In order to obtain reproducible temperatures, 
it was considered desirable to control the volume of the sample mixture 
run. To this end, a scratch was made 16 mm. above the closed end of a 2 
mm. (I.D.) glass capillary tube, and the volume thereby defined (0.05 
cm.*) was used as the volume of all sample charges. 

Strip chart records of the pyrosynthesis reactions of samples compris- 
ing a twenty mol per cent series between PbS and PbSe are shown in Fig. 
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Fic. 3. Differential thermal pyrosynthesis (DTP) curves. The samples comprise 
a twenty mol per cent synthetic PbS-PbSe series. 


>}. For the sake of brevity, such records will be referred to henceforth as 
DTP curves. A small endothermic deflection at about 110° records the 
melting of sulfur and characterizes all curves, except the one obtained 
rom PbSe. The large, well defined exothermic peaks are representative 
of the formation of the compounds corresponding to the molar composi- 
jon of the respective sample mixtures. Additional reactions were not 
»bserved below 1000° C. The d (600) measurements of these samples 
iave been found to correspond closely to those of the samples whose 
measurements are given in Fig. 2. In Fig. 4 initial temperatures of the 
-xothermic formation reactions on the DTP curves are plotted against 
nolar composition. Note that the peak areas (Fig. 3) exhibit a correspond- 
ng increase with increasing mol per cent PbS. This relationship is to be 
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Fic. 4. Pyrosynthesis reaction (formation) temperature vs. molar composition. 
The samples listed are those whose DTP curves are given in Fig. 3, 
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Frc. 5. D.T.A. curves of synthesized compounds. The samples comprise a twenty five 
mol per cent synthetic series. The uneven compositional spacing of the samples indicated 
here results from the use of oxidized lead in their preparation. This compositional error was 


found on the basis of «-ray measurements to characterize all of the synthetic specimens used 
for D.T.A. studies. 


expected in light of the dynamic nature of the DTP technique. The ob- 
served initial temperatures do not represent equilibrium temperatures, 
being to a large extent a function of reaction kinetics and therefore 
closely related to AH, of which peak area is a direct function. 


DTA oN THE GALENA—CLAUSTHALITE SERIES 


DTA records were obtained from the synthetic samples comprising 
the PbS-PbSe series. The curves of a 25 mol per cent series are shown in 
Fig. 5. These curves are representative of over forty DTA curves 
covering the synthetic series. An exothermic peak representing sample 
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Widation begins at the clausthalite end of the series as a multiple deflec- 
tion which splits into two distinct peaks near the midpoint of the series. 
These, in turn, merge to form a single sharp deflection which then char- 
icterizes the remainder of the suite. The development of two peaks in 
Ihe vicinity of the series midpoint and their subsequent merging may 
‘esult from a combination of factors. A comparison of the end member 
Hpyes shows the clausthalite oxidation peak to be distinctly broader 
Ihan the galena deflection. This relationship is believed to be indicative 
of the lower partial pressures of Se reaction products, which result in a 
uigher order of reaction retardation caused by surface oxidation effects. 
As the sulfur content of the samples rises, more thermal energy is re- 
juired to cause sample oxidation, and the reaction temperatures rise 
iccordingly. The energy required to effect complete sample destruction 
lises at a faster rate than does the specific heat of the oxidation reaction. 
This effect combines with surface coating and interstitial clogging by 
‘eaction products to produce two peaks. These merge when low Se con- 
cent and high reaction temperatures reduce the retardation effect of the 
‘arly reaction products to a vanishing point. 

_ From the foregoing discussion, it appears that the most significant 
emperature on these DTA curves is that of the initial deflection ac- 
companying sample oxidation, since other peak characteristics result in 
sart from factors which have no relationship to the fundamental proper- 
jes of the minerals under consideration. The effect of grain size, for 
‘xample, is demonstrated by the fact that a finely ground sample of com- 
oosition PbSo.sSeo.5 was found to be characterized by a single exothermic 
oeak. 

As is evident from an examination of Fig. 5, initial reaction tempera- 
ure has been found to increase with mol per cent PbSe throughout most 
}f the synthetic series. The reversal of this relationship, evident in the 
ange PbS 72Se.os-PbS (Fig. 5) is believed to be caused by the decrease in 
he Se content of the samples, which in turn results in a decrease in the 
mount of surface coating by high stability Se rich reaction products. 
)xidation products have been detected in Se-bearing samples which have 
seen heated in air to temperatures as low as 200° C. Since surface area 1s 
eld effectively constant by the control of both sample weight and grain 
ize, it appears likely that all samples whose Se content exceeds a certain 
hreshold value will suffer complete surface coating by reaction products 
ich in Se at temperatures below the DTA initiation temperature. Thus 
he effect of surface reaction on the initial deflection temperatures of 
hese samples may be negligible in a relative sense. Within the experl- 
nental conditions under which the DTA data described herein were 
btained, it appears that this threshold value lies near the composition 
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PbSo.7Seo.3- The conclusion that the reversal in the relationship between 
initiation temperatures and molar composition is not related to funda- 
mental mineral properties is supported by the x-ray and DTP data 
given earlier. 

The interpretation of the DTA data is based on the assumption that 
the recorded temperature of reaction is a function of the lattice energy of 
the material under analysis. That is to say, although reaction tempera- 
ture is in no way an actual measure of lattice energy, it is fundamentally 
and linearly related to it. According to the Born-Lande expression for 
the lattice energy of binary ionic compounds, the relation between lattice 
energy and interionic distance is reciprocal in the first degree. Thus, if 
one assumes reaction temperature to be directly related to lattice energy, 
the reciprocal of this temperature should plot linearly with a measure of 
interionic distance. Figure 6 shows a plot of the reciprocal of DTA 
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Fic. 6. Plot of the reciprocal of D.T.A. initial reaction 
temperature vs. measured d (600). 


initiation temperatures against measured d (600) values for the series 
PbS-PbSe. The data apparently conform to the theoretical considera- 
tions just discussed through the compositional range PbSe-PbSo.7Seo.s. 
However, for those samples with compositions in the range PbSo.7Seo.3- 
PbS, this relationship does not obtain. 


CONCLUSIONS 


X-ray, DTA and DTP data show that a definite solid solution series | 
exists between galena (PbS) and clausthalite (PbSe). A linear increase in 
cell dimensions corresponds to the increase in mol per cent PbSe. This 
relationship is also reflected through part of the series in the DTA data, 
but not through the entire series. However, measurements made on both 
natural galena and the synthetic specimens indicate that lattice param- 
eter variations are systematically reflected in DTA reaction tempera- 
tures. Although data of this type must be interpreted with caution 
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the case of systems characterized by anion substitution, the agree- 
ent between several lines of experimental evidence in the interval 
?bSe-PbSo.7Seo.3 is significant. 
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NEW DATA ON BOLTWOODITE, AN ALKALI 
URANYL SILICATE 


RusseLt_ M. Honea, Department of Geology, University 
of Colorado, Boulder, Colorado. 


ABSTRACT 


Boltwoodite is an alkali uranyl silicate with the composition K (H30) UO2(SiO«4) -nH»O 
where is zero to one. Chemical analysis, recalculated after deducting impurities, gives 
SiO.-14.8, UO3-68.5, K2O0-9.4, Na2O-0.4, H20-6.9, total 100.0 per cent. The proposed for- 
mula is supported by infra-red data, and the formula and other lines of evidence are shown 
to indicate a relationship to kasolite. Strongest lines of the «-ray powder pattern are 6.81 
(10), 3.40 (9), 2.95 (8), 3.54 (7), and 2.91 (7). Optically biaxial negative with nX = 1.668- 
1.670, nY = 1.695-1.696, nZ=1.698-1.703; 2V large, anomalous blue interference color, 
parallel extinction. Color pale yellow. Habit: radiating acicular to fibrous, and dense micro- 
crystalline pseudomorphic aggregates. Hardness 33 to 4. Perfect (010) and imperfect (001) 
cleavage. Symmetry orthorhombic on basis of optical study, but may be monoclinic with 
b-axis elongation. Boltwoodite occurs as a secondary mineral coating fractures and cavities, 
and as pseudomorphs after uraninite. Twenty one localities representing a variety of geo- 
logical environments are listed. Data are presented on the hydrothermal synthesis of the 
potassium, potassium plus sodium, sodium, and ammonium analogues of the mineral. 


INTRODUCTION 


Boltwoodite was described from the Delta mine, Emery County, Utah, 
by Frondel and Ito (1956). It was the first of the alkali urany] silicates to 
be noted, and with gastunite (Honea, 1959) is one of two such minerals 
now known. Since the original description, many additional widely scat- 
tered localities with different geological environments have been noted. 
The new material available has allowed the compiling of additional data 
concerning properties and occurrence, and has permitted infra-red 
analysis to determine the structural relationship of boltwoodite to other 
members of the uranyl silicate group. This new information concerning 
the natural mineral is presented herein, along with data on the hydro- 
thermal synthesis of the potassium, potassium plus sodium, sodium, and 
ammonium analogues. 


PHYSICAL PROPERTIES 


In general aspect, boltwoodite is very similar to both sklodowskite 
and uranophane, but is somewhat paler in color than the latter. At the 
Delta mine, Utah, and the Lookout No. 22 mine, Colorado, the mineral 
occurs as yellow wartlike aggregates of fibers. Specimens from Myponga 
South Australia, and Quebrada del Tigre, Argentina, are pale yellow in 
color and contain boltwoodite in flattened radial aggregates between 
grains and along cleavage surfaces. Pseudomorphic aggregates from Alto 
Boqueirao, Brazil, and the Little Indian mine, Colorado, are dense mi- 
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rocrystalline and pale straw yellow in color. Specific gravity about 3.6 
Frondel and Ito, 1956). Hardness 34 to 4. Perfect (010) and imperfect 
901) cleavage. Luster of crystals pearly on cleavage surfaces, of radial 
ggregates vitreous to silky, depending on crystal size. Dull to earthy in 
uicrocrystalline pseudomorphs. The mineral fluoresces dull green under 
eh long- and shortwave ultraviolet excitation. 

| CHEMICAL ANALYSIS 

The only available chemical analysis of boltwoodite is listed below in 
‘able 1. As indicated in column E of the table, the analysis is in good 
preement with the originally proposed formula K2(UQs)0(SiO3)2(OH).» 
SH20 except for the low water content. However, more recent data 


TABLE 1. CHEMICAL ANALYSis OF BOLTWOODITE 


A B C D E F 
fe SiO> 12.74 14.8 0.246 2 13.44 14.29 
UO; 58.68 68.5 0.243 2 63.96 68.07 
K:0 8.03 9.4 0.100 10.52 ili) 2 
Na2,O 0.33 0.4 0.006 me 
CuO 9.61 —_— — — 
SO; DAL — — — 
H:0 Theos 6.9 0.373 5 12.08 6.43 
Insol 0.19 = = = 
_ Rem 0.34 = = a= 
Total 99.37 100.0 100.00 100.90 


A. Boltwoodite, Delta mine, Emery County, Utah. Remainder includes Al,O3, CaQ, 
MgO, PbO, and V20;. Analyst Jun Ito in Frondel and Ito, 1956. 
B. Analysis recalculated after deducting brochantite, CusSO.(OH)., insoluble, and un- 
determined portions. 
. Molecular amounts calculated from B. 


. Molecular proportions from B. 
. Ideal composition of K2(UO2)2(SiO3)2(OH)2: 5H20. 
. Ideal composition of K:0-2UO3-2SiO2-3H20 or K(H;30) UO: (SiO4) -nH2O0 where 


n=0. 


Smuo 


om infra-red analysis indicates that the water as determined 1s correct 
nd that the mineral has a nesosilicate structure. The formula proposed 
n the basis of this new data is K(H30)(UOz) (SiO) -nH2O, in which 2 
esignates zeolitic water which on the basis of limited analytical data 
aries from zero through one. The ideal composition for the newly pro- 
osed formula is listed in column F, and is seen to be in even closer agree- 
ent than the above. The formula here proposed is close to that of 
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kasolite, a relationship discussed more fully in a following section of this 
paper. The analysis sample of Frondel and Ito contained brochantite 
and small amounts of unidentified materials, which are deducted in the 
recalculated analysis in column B. 


OpticAL DATA 


As shown in Table 2 there is close agreement between optical con- 
stants for boltwoodite from the several natural occurrences. It is worthy 


TABLE 2. OpticaL DATA FOR NATURAL AND SYNTHETIC BOLTWOODITE 


1 2 3 4 5 Pleochroism 


nX 1.668 1.669 1.670 1.670 1.661-1.671 Colorless Biaxial neg. 
nY 169012) 695 L695 1.682-1.694 Pale ylw Anomalous blue 
nZ 1.703 1.698 1.702 1.70 1.689-1.702 Pale ylw Parallel extinction 
Z=elongation 
. Bultwoodite, Delta mine, Emery County, Utah (Frondel and Ito, 1956). 
. Boltwoodite, La Chiquita mine, Quebrada del Tigre, Cordoba Province, Argentina. 
. Boltweodite, Myponga, South Australia. 
. Unknown type 1b, Bad Gastein, Salzburg (Haberlandt and Schiener, 1951). 
. Beta-uranophane, x for yellow light, (Steinocher and Novacek, 1939). 
6 7 8 9 10 


nN PrwN ke 


Average 1 1.695 1.61 1.61 1.62 1.642 
6. Boltwoodite, Alto Boqueirao, Brazil. Dense, microcrystalline aggregate. 
7. Synthetic potassium boltwoodite containing amorphous silica. 
8. Synthetic potassium plus sodium boltwoodite containing amorphous silica. 
9. Synthetic sodium boltwoodite containing amorphous silica. 
10. Synthetic ammonium boltwoodite containing amorphous silica in lesser amount than 
above, and coarser grained. 


of note that the indices of refraction of boltwoodite are in close agree- 
ment with those of the upper range for beta-uranophane as determined 
by Steinocher and Novadtek (1939). Because of this similarity, it is 
believed that «-ray examination of specimens labelled beta-uranophane 
will add to the number of occurrences listed in this paper. Two of the 
localities herein noted have previously had beta-uranophane identified 
on the basis of optical data. Indices of refraction for beta-uranophane 
are presented for comparison in Table 2. 

Haberlandt and Schiener (1951) list an unknown urany] silicate from 
Bad Gastein, Salzburg, with optics identical to those determined by the 
writer. Since the «-ray powder pattern of this unknown did not check 
with that of beta-uranophane, which is present in the same suite, the 
unknown mineral is here tentatively identified as boltwoodite. 

The synthetic products, and dense pseudomorphs after uraninite from 
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atural occurrences, were too fine-grained to yield complete optical data. 
n such instances only an average index of refraction is reported. It is 
nmediately obvious that the values obtained for most of the fine-grained 
ynthetic products are lower than expected. This is the result of the 
resence of both adsorbed water and excess amorphous silica in the sub- 
ricroscopically crystallized aggregates. Although too fine-grained for 
ptical data, these products give good x-ray powder diffraction patterns 
which the only effect of grain size is a very slight breadening of lines. 


X-RAY AND CRYSTALLOGRAPHIC DATA 


The small size of available crystals precluded the use of morphologic 
r single crystal x-ray methods. Optical study indicates orthorhombic 
ymmetry, but like most of the other acicular uranyl silicates, bolt- 
oodite may be monoclinic with 6-axis elongation. Measured d-spacings 


TABLE 3. X-Ray PowDER DIFFRACTION DATA FOR BOLTWOODITE FROM THE 
Detta Miner, Emery County, UTAH. COPPER RADIATION, 
NICKEL FILTER, WAVELENGTH 1.5418A 


d I d I d I 
7.53 2 1.994 2 1.335 5) 
6.81 10 1.983 2 1.311 D 
6.40 5 1.950 3 1.297 4b 
5.45 5 1.935 1 1.270 4 
4.74 4 1.900 6b 1.242 2b 

432 4 1.874 1 ena 1 
4.11 2 1.820 2 1.196 1 
3.91 1 1.780 1 ave 2 

3.718 1 1.764 6 1.149 2b 
3.54 7 1.700 3 1-122 tb 
3.40 9 1.658 3 1 ily 2 

3.13 5 1.627 2 1.087 1b 
3.07 1 1.602 2b 1.072 1 

2.95 8 1.580 2 1.053 2 

2.91 7 1.566 1 1.041 1 

2.69 1b* 1.550 1 1.023 1b 
2.53 3 1.530 2 1.000 1 

2.45 5 1.515 3b 0.980 tb 
Daya 4 1.502 3b 0.971 1 

2.26 5 1.487 tb 0.963 2b 
DD 4 1.455 1 0.928 tb 
2.16 2 1.438 1 0.915 tb 
Die 3 1.411 3 0.884 1b 
2-11 2 1.393 1 0.876 1 

2.08 if 1.378 2 0.845 2 
2.05 3 1.356 1b 


* b= broad. 
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Fic. 1. X-ray powder diffraction patterns of: A. Boltwoodite, Delta mine, Emery 
County, Utah, and B. Kasolite, Shinkolobwe, Belgian Congo. Copper radiation, nickel filter. 
Contact print. 


from an x-ray powder diffraction pattern corrected for film shrinkage are 
listed in Table 3. These spacings are in close agreement with the spacings 
for the first ten lines given in the preliminary description of Frondel and 
Ito (1956). 

Figure 1 shows powder patterns for both boltwoodite and kasolite. 
Similarities in the general configuration of the patterns are seen to be 
present, and coupled with other lines of evidence, to be discussed later, 
are taken to indicate a structural relationship between the two phases. 


INFRA-RED ABSORPTION SPECTRUM 


Infra-red absorption spectra were made of both the natural and syn- 
thetic mineral, the curves for which are reproduced below as Fig. 2A and 
B. Analyses were made on a Perkin-Elmer instrument with sodium 
chloride analyzing prism. Samples were prepared for analysis by mixing 
two mg. of the very finely ground mineral (minus 325 mesh) with 0.5 
grams of specially dried potassium bromide, and pressing the mixture 
into a thin wafer. Since not enough material was available from the type 
specimen, the absorption curve for the natural mineral was prepared 
with material from the locality in Cordoba Province, Argentina. 

Absorption maxima appearing on all curves near 3.0 and 6.2 microns 
correspond to the stretching and bending vibrations respectively of the 
hydroxyl (or HOH) bond (Randall, ef al., 1949). The additional low 
wavelength maxima at 3.2 and 7.15 microns on curve B mark the 
stretching and bending vibrations of the ammonium bond. Stronger ab- 
sorption peaks in the region from 10.1 to 11.7 microns result from silicate 
bonding, and are within the region from 9.7 to 12.2 microns shown by 
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Fic. 2. Infra-red absorption spectra of natural and synthetic boltwoodite, and kasolite. 
4. Boltwoodite, La Chiquita mine, Quebrada del Tigre, Cordoba Province, Argentina, B. 
synthetic ammonium boltwoodite, C. kasolite, Shinkolobwe, Belgian Congo. 


Launer (1952) to be typical of minerals having nesosilicate structures. 
On the basis of this evidence it is proposed that boltwoodite, like urano- 
phane (Smith, Gruner, and Lipscomb, 1957), contains independent sili- 
cate tetrahedra as basic structural units. 

The infra-red spectral curve for kasolite is included as Figure 2C for 
purposes of comparison. It is shown in the following discussion that 
doltwoodite most closely approaches the kasolite nesosilicate formula 
sarly proposed by Billiet and de Jong (1936), and since supported by 
Gorman (1957) on the basis of single crystal x-ray study. It is noted that 
he strong absorption maxima of kasolite are also present in the range 
ypical of minerals with the nesosilicate structure, and thus that both 
ninerals are comprised of the same basic silicate structural units. 


COMPARISON WITH KASOLITE 


Boltwoodite is found to be quite similar to kasolite on the basis of 
nolecular ratios from chemical analyses, a conclusion supported by 
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x-ray powder diffraction patterns, infra-red data, and optical data. Both 
minerals show a much lower water content than the other urany] sili- 
cates, containing respectively one (kasolite—PbO- UO ;-SiOs-H2O) and 
three (boltwoodite—K,O-2U0O3-2SiO2:3H2O) molecules of water in the 
oxide formulas derived from analyses. Further, the three water mole- 
cules in the boltwoodite formula are required to occupy cation positions 
as hydronium ions to balance the electrostatic charge demanded by the 
nesosilicate structure indicated by infra-red analysis. A lower water con- 
tent for boltwoodite is also suggested by the significantly higher indices 
of refraction as compared to gastunite-(K, Na)2(UOz2)3(Si205)4-8H20, 
which is also a potassium uranyl silicate. 

The ionic radii of the principal cations (K+—1.33A, H;0*—1.33A(?), 
Pb++—1.20A) indicates that these cations are well within the size range 
that would allow the formation of similarly coordinated structures. The 
similarities in line configuration and d-spacings of «-ray powder diffrac- 
tion patterns of the two minerals, previously pointed out in Fig. 1, sug- 
gests this similarity in structure. It is not suggested that the minerals are 
isostructural, but rather that their structures are similar and closely 
related. The mechanism of positioning the monovalent potassium and 
hydronium ions for divalent lead ions is not known. 

It is felt that though there is a superficial resemblance of the «-ray 
powder pattern to that of sklodowskite, as suggested in the original 
description, there is more similarity of boltwoodite to kasolite. This 
similarity is indicated in the above discussion, and is strongly favored 
over resemblances to other urany] silicates by the low water content. 


THERMAL BEHAVIOR 


A study of the thermal behavior of boltwoodite was carried out on 
material pseudomorphic after uraninite from Quebrada del Tigre, Cor- 
doba Province, Argentina. The material used contains about two per cent 
impurities and is extremely fine-grained, but was the only material avail- 
able in sufficient amount for such a study. The differential thermal 
analysis curve for boltwoodite is reproduced as Fig. 3, and a weight loss 
curve is shown as Fig. 4. Distinct endothermic peaks are present at 
170°, 708°, and 906° C., anda single exothermic reaction at 1010° C. The 
low temperature peak results from expulsion of capillary and adsorbed 
water, and possibly from the loss of small amounts of zeolitic water. The 
most rapid water loss is seen in Fig. 4 to take place below 100° C., and 
optical and x-ray powder studies of material heated to 100° C. shows no 
change in optical constants or d-spacings. Material heated to 200° C. 
shows an increase in indices of refraction, and a very slight change in line 
intensities on «x-ray patterns. When the heated sample is placed over 
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Fic. 3. Differential thermal analysis curve for boltwoodite from the La Chiquita 
mine, Quebrada del Tigre, Cordoba Province, Argentina. 
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Fic. 4. Weight loss curve for boltwoodite from the La Chiquita mine, 
Quebrada del Tigre, Cordoba Province, Argentina. 
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water in a sealed container it regains normal optical constants in 48 
hours. Above 100° C. weight loss continues at a lesser rate to approxi- 
mately 500° C., at which temperature the curve steepens to slightly 
above 600° C. This final loss of weight corresponds to the broad exo- 
thermic reaction beginning at 600° C. and culminating at 708° C., and 
marks the final loss of water bonded as hydronium ions. X-ray patterns 
of material heated between 200° and 750° C. show a gradual collapse 
of the boltwoodite structure, and the appearance of small amounts of 
uraninite and U303 above 550° C. Total collapse of the bolt woodite struc- 
ture has occurred at 750° C., and very broad and diffuse lines of a new 
phase appear. The gain of weight above 800° C. results from oxidation of 
the partially reduced uranium, and is expressed on the differential 
thermal analysis curve as an endothermic trough near 906° C. X-ray 
study indicates the appearance of a new phase at 875° C., the powder 
pattern of which resembles the x-ray pattern of clarkeite. This phase is 
stable to the highest temperature attained in the study (1100° C.), and 
at temperatures above 1000° C. is accompanied by an additional phase. 
The exothermic reaction at 1010° C. marks the appearance of this new 
phase, which cou!d not be identified in the present study. 


HYDROTHERMAL SYNTHESIS 


Boltwoodite is readily synthesized by hydrothermal techniques in 
both low temperature runs and in higher temperature bomb runs. The 
method of synthesis used consists of coprecipitation of the essential ions 
in a gel from the soluble acetates. In all cases a 0.01 molar solution con- 
taining the essential ions was precipitated by raising the pH with a 
strong base. Bomb runs were made by heating the product of the low 
temperature precipitation in distilled water in a teflon-lined steel bomb. 
The potassium, potassium plus sodium, sodium, and ammonium ana- 
logues of boltwoodite were prepared. Results of the various syntheses 
are summarized in Table 4. 

Although no attempt was made to systematically test complete solid 
solution between the several cations, the similarity in ionic radii and the 
isostructural character indicated by powder diffraction photographs in- 
dicate the probability that such is the case. The x-ray patterns of all syn- 
thetic products are essentially identical in both d-spacings and line in- 
tensities with each other and with the natural mineral (see Table 5). 
Slight broadening of the lines is evident in most of the synthetic products, 
and results from the microcrystalline nature of the precipitates. This is 
further shown on optical examination by the appearance as masses of 


extremely small, intergrown fibers which yield only an average index of 
refraction. 
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TABLE 4. SYNTHESIS OF BOLTWOODITE 

Reagents pH |Temp.| Product Bomb Run | pH Product 
tassium acetate 83} 90° | Ammonium | 48hrs. @ 246°} 8 | Boltwoodite 
| eee silicofluoride boltwoodite 
anyl sulfate 
ymonium hydroxide 
‘tassium silicofluoride 8 95 Boltwoodite| 46 hrs. @ 235) 7 Boltwoodite 
anyl acetate gastunite 
tassium hydroxide 
tassium silicofluoride 74| 85 (K, Na) 46 hrs. @ 243 | 63 | (K, Na) 
anyl acetate boltwoodite boltwoodite 
dium hydroxide 
dium metasilicate 103| 85 | Nabolt- | 42hrs.@242| 8 | Na bolt- 
anyl acetate woodite woodite 
dium hydroxide 
nmonium silicofluoride 7 95 Ammonium | 48 hrs. @ 152 6 Ammonium 
anyl acetate boltwoodite boltwoodite 
nmonium hydroxide soddyite 


TABLE 5. COMPARISON OF X-RAY POWDER SPACINGS OF SYNTHETIC BOLtT- 
WOODITE WITH THOSE FOR THE NATURAL MINERAL 


tural (K, Na)| Synthetic K |Synthetic (K, Na) Synthetic Na | Synthetic NH; 
boltwoodite boltwoodite boltwoodite boltwoodite boltwoodite 
d If d I d I d i d I 
7.53 2 
6.81 10 6.84 10 7.03 10 6.81 10 6.89 10 
6.40 5 6.35 5 6.51 4 6.42 5 
5.45 5 5.47 4 5.54 4 5.43 i) 
4.74 4 4.74 3 4.71 il 4.75 5 4.74 6 
4.32 4 4.35 2 4.35 1 4.33 3 
4.11 2 4.11 1 4.11 1 4.11 1 
3.91 1 3.88 2 3.91 1 3.93 1 
75 1 Sado 1 3.79 2, Baths 1 
3.54 7 Siow) 8 308 9 Shoes) 9 
3.40 9 3.41 6 Sacks 3 3.45 7 3.44 5 
13 5 3.16 8 3.16 8 Sails) 6 
3.07 1 3.09 1 3.08 1 3.09 3 
2.95 8 2.96 7 2.98 6 2.97 6 2.96 7 
2.91 7 2.91 6 2.91 7 2.93 8 2.91 6 


| 
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Ammonium boltwoodite appears in the low temperature product in 
the synthesis of all the other uranyl silicates. With ammonium gastunite, 
it is the stable phase in the presence of high concentrations of ammonium 
ion. In all instances where there is no other monovalent cation of similar 
radius, the ammonium boltwoodite is destroyed in bomb runs above 
200° C. and either a hydrated uranyl oxide or other uranyl silicate 
formed. The formation of soddyite as shown in Table 4 is an example of 
this breakdown. The presence of ammonium ion in the low temperature 
precipitates is shown by characteristic absorption maxima for the am- 
monium ion on infra-red spectra, by the ammonia odor emitted on heat- 
ing in an open tube, and by the high pH of water condensing on the walls 
of closed tubes. 

Boltwoodite is relatively unstable in bomb runs above 200° C. This is 
indicated by more diffuse lines on x-ray patterns of the bomb products, 
and by conversion of boltwoodite from low temperature runs to soddyite 
and uranyl oxides in bomb runs. Stability relations between boltwoodite 
and gastunite are indicated in Table 4. Boltwoodite is consistently the 
stable phase at higher pH values, and is in some instances broken down 


in higher temperature runs to gastunite. Synthesis of boltwoodite has — 


been reported in a brief note by Pommer and Chandler (1958), and 
Pommer (1958, personal communication) by the action of uranyl car- 
bonate solutions on glass. 


OcCURRENCE 


Boltwoodite is a moderately common secondary uranium mineral, and | 
has been recognized from twenty one localities representing a variety of © 
geological associations. Of the localities noted since the description of 


the mineral, one is described in the literature, six were noted by the 
writer, seven are listed by J. W. Gruner (personal communication, 1958), 
five have been noted by the U. S. Geological Survey (Daphne Ross, per- 


a 


sonal communication, 1959), and one is proposed on the basis of optical — 
constants of an unknown uranium silicate from the literature (Haber- | 


landt and Schiener, 1951). 
The mineral occurs in the outer silicate zone of alteration surrounding 
the zone of hydrated uranyl oxides, which encrust primary uraninite. 


Boltwoodite is also found filling fractures and interstitial openings some — 
distance from primary uraninite. Frondel and Ito (1956) describe bolt-— 
woodite from the type locality at the Delta mine, Emery County, Utah, © 
as occurring in yellow wartlike aggregates of radial fibers coating frac- _ 
tures in sandstone. Other specimens from the same locality show small — 
radial aggregates associated with uranyl sulfates which surround bec- | 
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erelite and fourmarierite altering from uraninite. Other mincrals pres- 
t include brochantite, gypsum, and an unidentified uranyl silicate. 
Boltwoodite is present in the outer alteration rims of “gummite”’ pseu- 
morphs after uraninite from pegmatite occurrences at the La Chiquita 
ne, Quebrada del Tigre, Cordoba Province, Argentina; and Alto 
queirao, Brazil. In both instances boltwoodite appears as dense micro- 
ystalline aggregates with a pale straw-yellow color. In the La Chiquita 
ne, boltwoodite is also present as radial aggregates along cleavage 
ines and fractures in microcline and muscovite several inches from 
> pods of altered uraninite. Phosphuranylite is present as fracture coat- 
zs at both localities. 

Montgomery (1957) mentions boltwoodite as pseudomorphs after 
gh-thorian uraninite in serpentine at the Williams quarry, near Easton, 
nnsylvania. The mineral is present in pseudomorphic aggregates with 
jull luster, rough granular appearance, and pale translucent-yellow 
or. As in the other localities listed, boltwoodite also occurs as finely 
rous material and as thin coatings on fracture surfaces. Uranophane 
closely associated, and other minerals present include thorogummite 
d “Mineral C” of Frondel (1956). Montgomery proposes late-stage 
drothermal metamorphism of the thorian uraninite as an origin for 
» pseudomorphous material, and supergene alteration for the origin of 
» fracture coatings and efflorescences on exposed surfaces. 

At the Little Indian No. 36 mine and the Lookout No. 22 mine of the 
irvshall Pass area, Gunnison County, Colorado, boltwoodite is present 
small wartlike aggregates on becquerelite and as dense earthy aggre- 
es pseudomorphic after uraninite. Occurrences at the Little Indian 
ne are restricted to a shear zone near the fault contact between the 
dovician Harding quartzite and Precambrian gneiss, schist, and mig- 
tite (R. Malan, U. S. Atomic Energy Commission, oral communica- 
n). The boltwoodite is secondary in origin, and is present in the oxi- 
ed zone along with uranophane, goethite, schoepite, ianthinite, and 
idual cores of uraninite. Uraninite is the only ore mineral, and sulfides 
only sparsely present. Surface ore from the nearby Lookout No. 22 
ne also contains soddyite, metazeunerite, and becquerelite. 

Alteration of zirconian uraninite from the Sonia mine, near Guanda- 
, La Rioja Province, Argentina, has produced boltwoodite as small 
tyoidal aggregates of fibrous crystals intimately associated with 
srosklodowskite, and as interstitial filling in sandstone country rock 
rounding lenticular pods of uraninite. Becquerelite is also present as a 
ondary mineral, and veins and encrusts uraninite. 

Jighly argillized granitic gneiss from Myponga, South Australia, con- 
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tains boltwoodite as coatings and interstitial fillings in the friable rock. 
The mineral here has an earthy luster, is very pale yellow in color, and 
is intimately intermixed with clay minerals. Under the microscope the 
coatings are seen to consist of minute radial fibrous aggregates. Bolt- 
woodite is present with “gummite,” uranophane, kasolite, and urano- 
spinite, as a secondary alteration product of uraninite; and has been 
transported short distances from its primary source before deposition in — 
the argillized gneiss. According to W. C. Woodmansee of the U. S. 
Atomic Energy Commission (oral communication), the Myponga de-~ 
posit was a small but rich concentration of uranium minerals in the 
faulted crest of a small, tightly folded anticlinal structure. The oxidized — 
uranium minerals of the surface zone do not persist with depth, and as © 
ore is followed down the plunge of the fold relatively unaltered uraninite — 
becomes the dominant mineral. Brannerite has also been identified from | 
the mine. 

Gruner (personal communication, 1958) has noted several additional | 
localities in the Colorado Plateau and adjoining areas. These include: 
the Happy Jack mine, White Canyon district, San Juan County, Utah; 
the Pay Day mine, San Rafael Swell, Emery County, Utah; the Jerry 
group, Red Canyon, Utah; Seven Mile Canyon, Grand County, Utah; 
in the Todilto formation, Grants, New Mexico; the Moore claim, Nio- 
brara County, Wyoming; and the Big Hill claim, Big Horn County, 
Wyoming. 

Daphne Ross of the U. S. Geological Survey (personal communication, 
1959) lists other localities in the Colorado Plateau at: the Pete No. 6) 
claim, San Juan County, Utah; Julia claims, San Juan County, Utah; 
Blue Jay mine, San Juan County, Utah; and the Huskon Nos. 17 and 207 
mines, Cameron, Coconino County, Arizona. Mrs. Ross points out that 
these samples show variation both in chemical composition and «-ray_ 
pattern, and thus do not yield patterns that are identical in all respects 
with that of material from the Delta mine, which is used here as a stand- 
ard for the natural mineral. 

Optical data for an unknown uranium silicate mineral (Unknown, 
type 1b) listed by Haberlandt and Schiener (1951) are identical with 
those of boltwoodite, and indicate a probable occurrence with associated 
gastunite, uranophane, beta-uranophane, and other secondary uranium: 
minerals at Bad Gastein, Salzburg. 


NAME 


The mineral was named after Bertram B. Boltwood (1870-1927), 
radiochemist of Yale University, who provided evidence that lead was 
the first disintegration product of uranium and devised the very fruitful 
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ethod of measuring geologic time on the basis of lead content of 
‘anium minerals. 
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NOMOGRAMS FOR DETERMINING 26 FROM 
PRECESSION PHOTOGRAPHS! 


F. DonaLp Bioss? AND GERALD V. GIBBS? 


ABSTRACT 


Two nomograms are presented which permit 24 to be evaluated from diffraction spot 
locations on precession photographs. By means of the first nomogram, 26 for the wave- 
length used to produce the precession photograph is obtained. The second permits 26 
(CuKa) to be determined from precession spots produced by molybdenum (Ka) radiation. | 
The accuracy is usually sufficient to allow, in conjunction with observed intensities, un- 
equivocal indexing of the more intense powder diffraction lines of crystalline materials. 


INTRODUCTION 


The writers have occasionally used indexed precession photographs of 
single crystals to index in turn the more intense lines of the correspond- 
ing powder diffraction pattern. In the course of this work, two nomo- 
grams were developed to permit evaluation of 20 (+0.3°) for any reflect- 
ing plane whose diffraction spot is recorded on a precession photograph. 
Since they may similarly save others time in indexing powder diffrac- 
tion patterns, these nomograms and their use are herein described. 


DEVELOPMENT OF NOMOGRAMS 


Figure 1 illustrates the relationship between dimensions in reciprocal 
lattice space (CO, OP, etc.) and those (CO’, O’P’, etc.) in what may be 
called “‘precession lattice’? space. By similar triangles 

PO , EON 
60: 360" 


Eq. (1h) 


However, CO equals 1/X, the radius of the sphere of reflection; PO equals 

1/dyr for the diffracting plane; and CO’ equals F, the crystal-to-film 

distance (6 cm.). Substituting these values, Eq. (1) becomes 
r EOn 


dni =6cm 


Eq. (2) 
From the Bragg equation for reflection, however, 


r : 
— =2sin@. 
Akl 


' Contributjon from Bureau of Mines, U. S. Department of the Interior, Electrotech- 
nical Experiment Station, Norris, Tenn. 

» Academic address: Department of Geology, Southern Illinois University, Carbondale, 
Ill. . 

* Academic Address: Department of Mineralogy, Pennsylvania State University, Uni-_ 
versity Park, Pa. 
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Sphere of 
reflection 


X-ray beam 


Fic. 1. Relationship between distances in the reciprocal lattice (origin at O) and preces- 
on film lattice (origin at O’) for a crystal located at C. CO’ is the crystal-to-film-distance, 
id P is the reciprocal lattice projection of a crystal plane satisfying the Bragg equation. 


onsequently Eq. (2) may be rewritten 
Ley 
12cm 


sin @ = Eq. (3) 


here P’O’ represents the distance of the precession spot (in cm.) from 
1e center of the film. 
For n-level precession photographs similar reasoning may be applied 
» develop the relation 
Vv (Fa*)? + (P'0'? 


ing n— Eq. (4) 
oe 12 cm 4 


here P’O’ now represents the distance of the precession spot (in cm.) 
om the center of the n-level photograph and Fd* is the film displace- 
ent used in making this photograph. 

The nomogram permits rapid solution of Eq. (3) or Eq. (4). On the 
ale reproduced here, Fig. 2 converts 2P’O’, where P’O’ represents the 
stance of a precession spot from the film center, into the value of 26 
r the reflecting plane responsible for the spot. Its use is best described 
7 an example.* 


4 The original Figs. 2 and 3 were exactly 14 cm. and 9 cm. wide, respectively. Glossy 
nts of the originals are available by request from the U. S. Bureau of Mines, Electro- 
hnical Experiment Station, Norris, Tenn. 
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Fic. 2. Nomogram for converting precession spot distances to 
the corresponding 26 values. 


User oF NOMOGRAMS 


The first three columns of Table 1 represent data taken, with one ex- 
ception, from two precession photographs, (RO) and (/k1), of synthetic 
proto-amphibole, an orthorhombic amphibole recently described by 
Gibbs, Bloss, and Shell. From indexed photographs, twice the distance 
from the film center (i.e. 2 O’P’) was measured for each precession spot 
of moderate intensity or greater. This measurement, as well as the pre- 
cession spot’s index and estimated intensity, was then recorded in Table 
1 (but not necessarily in the present order). The value of 2 O’P’ was, 
for each point, translated into its 20 equivalent by means of Fig. 2, about 
15 minutes being required for the entire conversion. Column 5, Table 1, 
contains 20 values from powder diffraction data. These angles have an 
accuracy of +0.01. Comparison of 26 values in Columns 4 and 5 shows 
that the angles agree closely. 

The conversion of the distances 2 O’P’ into 20 by means of Fig. 2 is 
particularly simple for the precession spots of a O-level photograph. The 
Friedel law indicates that, except in the neighborhood of a wave crystal 
resonance level, a precession spot (RO) will be accompanied. by a com- 
panion spot (/k0) collinear with it and the film center. Both are at an 
equal distance from the film center, and, therefore, the distance between 
the centers of these two spots represents 2 O’P’ for either. 

In actual practice the distance 2 O’P’ need not be measured. Prefer- 


5 Am. Mineral., 45, 974-989, 1960. 


TABLE 1. SINGLE CrysTAL AND PownpeER DATA FOR PROTO-AMPHIBOLE 


Precession data (CuK a) Powder diffraction data 
Index 2: O27 (em.)2 T est. Rinne 20obs)2 I/i 
1) (2) (3) (4) (S) (6) 
020 2.07 S 10.0° 9.85(a) 5 
110 2.24 S 10.9 10.69(a) 67 
130 3.79 M 18.25 17.67(a 4 
200 3.98 S 19.3 19.02(a) 14 
040 4.14 VS 20.1 19.87(a 28 
131 4.653 S 24.5 24 .428(a) 16 
150 5.56 M 26.7 26.697 (a) 6 
27 .36(a 13 
240 5.74 VS iol 27.63 33 
310 6.07 AYES) 29.3 29.13 100 
231 5.07 S 29.7 29. 58(a 7 
151 om55 WS Sil H 31.71(a) 22 
330 6.72 Vs C2 32.42 25 
35.25 
161 6.53 M oe 35.90 21 
Doi 6.53 S 36.1 
170 ase M SOns 
350 7.90 M 38.5 38 .33(a) 4 
400 7.96 S 38.7 38. 58(a) 4 
261 df Soil M S97 39.71 it 
080 8.30 M 40.3 
E171 7252 S 40.5 40.36 8 
421 8.20 M 43.8 43.54 4 
280 9.21 M 45.0 
361 8.59 S 45.5 45.48 7 
370 9.39 iS 46.0 
190 9.55 M 47.0 
510 9.98 VS 49.3 49.04 8 
460 10.10 M 49.9 
451 9.48 W 50.0 
191 © 9.52 M 50.1 
51.26 4 
461 10.07 M 52.9 S26 8 
5 Os 3 
S750 5 
561 11.69 S Ole 61.10 14 
62.30 i0 
70.55 11 
73.68 6 


‘ Except where indicated, all precession spots were measured from either an (Hk) or 
(hk1) precession photograph. Fd* for (#k1) equaled 1.75 cm. 

> For CuKay except where noted as CuKa. 

>From (1k/) film; Fd*=0,99 cm, 
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ably it may be “picked off” the photograph with a pair of dividers and 
then set off along the abscissa of Fig. 2. The position of the divider point 
with respect to the circular 26 scale then permits 26 to be estimated to 
the nearest tenth of a degree. The accuracy, generally within +0.2°, 
increases as the size of the precession spots decreases. 

For an n-level photograph, the process is precisely similar to that above 
except that the scale used to convert 2 O’P’ to 26 is not the abscissa line 
of Fig. 2. Instead, it is a line parallel to the abscissa but above it by the 
amount Fd*, the film displacement utilized in photographing this par- 
ticular m-level. In the example of Table 1, the value of Fd* for the (41) 
photograph was 1.75 cm. A transparent straight edge was therefore so 
placed over Fig. 2 that it (1) passed through this point on the Fd* scale 
and (2) was parallel to the abscissa. The precession spot distances for 
(hk1) planes were then set off along the line marked by the straight-edge 
to obtain 26 from the circular scales as before. 

In this manner 26 was estimated to the nearest tenth of a degree for 
all the indexed spots of moderate intensity (or stronger) on the (RO) and 
(hk1) precession photographs. These spots were listed in order of increas- 
ing 20 value so as to facilitate comparison with the more accurately de- 
termined 26 peaks and intensities of a powder pattern of proto-amphibole 
(Table 1, cols. 5 and 6). As may be seen, the precession indexing may 
now be carried over to index unequivocally over 50 per cent of the pow- 
der peaks. Index (171) rather than index (080) was assigned to the 
40.36° powder peak, partly on the basis of its being represented by a 
more intense precession spot and partly from the observation that, in 
general, 20 determined from the nomogram usually exceeded the 20 
value of the powder peak even in the unambiguous cases. Using the 26 
values of the newly indexed powder peaks, the lattice parameters could 
now be calculated for proto-amphibole with the accuracy characteristic | 
of the powder method. 

The method works particularly well for all O-level photographs as well 
as for n-level photographs of orthogonal crystals and monoclinic crystals 
in the first setting. For 2-level photographs of non-orthogonal crystals, 
it is necessary to (a) locate the film center and (b) measure the distance 
O’P’ of points from this center (rather than 2 O’P’ as was done hereto- 
fore to reduce the measuring error). In this case, since Fig. 2 represents a. 
scale twice that of the normal precession photograph (in which F=6 
cm.), it is nécessary to set off twice the distance O’P’ along the appropri- 
ate abscissa-parallel line in Fig. 2 to obtain 20. 

The method developed around Fig. 2 applies to precession photographs 
made with any wavelengths. Precession spot distances are converted into 
29 values for the wavelength used in making the precession photograph. 


a 


i es 
ae 


TANCE. 0 TION SPO om 
NG Mo K ON 
Fic. 3. Nomogram for converting precession spot distances on a pre- 
i ith Mo Ka value 

hus, for pro mphibole CuKa@ pre on spot distances were con 
fed t o 26 ee iKa. If FeKa@ had bee ay to produce the precession 

tograph, 20 FeKa values would have resulted. 
“Most powder a ecuCn a tee aenee are carried out with copper 
eae ae rtain Ae accrue in using MoKa in the 
tography of EO a ly a second nomogram. 
eS n develo ee e (i - 3) whi a sed precisely like Fig. 2. Its use is 
fan ae A eee nee made with MoKa. By 


nce ae ce for MoKa may be converted to 
(Cu Ka 2 
anuscript received March 19, 1960 


THE AMERICAN MINERALOGIST, VOL. 46, JANUARY-FEBRUARY, 1961 


ISOMORPHOUS SUBSTITUTION AND INFRA-RED SPECTRA 
OF THE LAYER LATTICE SILICATES* 


V. StuBIGAN AND Rustum Roy, The Pennsylvania State 
University, University Park, Pennsylvania. 


ABSTRACT 


Infra-red spectra of series of dioctahedral and trioctahedral synthetic clays in the region 
400-5000 cm. have been obtained. Characteristic changes in the IR spectra with ionic 
substitution have been observed with both types. From these results some general conclu- 
sions concerning the variations of IR spectra with ionic substitution in both groups of clay 
minerals can be drawn. In many cases quantitative relationships between frequencies or 
intensities of the characteristic absorption bands and the extent of ionic substitutions 
could be established. The same parameters can also be used for the location of substituent 
ions. 


INTRODUCTION 


The investigation of solids by the absorption of infra-red rays has at- 
tracted considerable interest in recent years. The same technique has also 
been applied to the study of minerals. Among them the infra-red spectra 
of the clays have been reported by several workers. For example, Hunt 
et al. (1950, 1951, 1953), Adler (1951), and Keller and Pickett (1949, 
1950) surveyed the infra-red spectra of the principal natural clay min- 
erals between 650-5000 cm.-. In the paper of Nahin (1955) the differ- 
ences between infra-red spectra of some clay minerals as well as the un- 
resolved problems have been pointed out. Further progress in this field 
was made when Beutelspacher (1956) extended the spectral range of 
study to 400 cm.“', obtaining well resolved spectra of many clay min- 
erals. An analysis of the literature concerning this subject shows that 
much remains to be done before the infra-red absorption technique can 
be successfully applied not only for analytical purposes but also for the 
study of the crystal chemistry and the structure of clay minerals. To 
attain this aim it is naturally of the greatest importance to study well 
defined “‘pure”’ specimens, which can rarely be found in nature. On the 
other hand, synthetic specimens can be prepared in very pure form, and 
only with such authenticated specimens can one hope to approach more 
directly the complex relationship between structure or composition and 
the infra-red spectra of clay minerals. Whereas the first part of our re- 
search (Stubiéan and Roy, 1959) was concerned with an attempted as- 
signment ofthe absorption bands to the proper metal-oxygen bonds, in. 
the present investigation an attempt has been made to correlate the 
nature and extent of ionic substitutions with the changes caused in IR 


* Contribution No, 59-74 College of Mineral Industries, The Pennsylvania State Uni- 
versity, University Park, Pennsylvania. 
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yectra. As a matter of fact the results of the latter approach were very 
elpful i in the attempted assignments. 


| EXPERIMENTAL PROCEDURES 


reparation of the synthetic minerals 


The synthetic clays and micas were prepared from mixtures of gels. 
‘he gels were obtained as previously described by Roy (1956), by start- 
‘g with “‘Ludox”’ silica sol or ethyl orthosilicate, and solutions of 
(trates (Al, Mg). In some cases, to obtain the composition required by 
ne mineral formula, an addition of sodium or potassium hydroxide solu- 
on was necessary. The mixtures were evaporated to dryness and then 
red to about 500° C. until the nitrates were completely decomposed. 
he syntheses were carried out in small sealed gold or platinum tubes. 
| small amount of distilled water was added before the tubes were 
‘aled. The usual equipment (Roy and Tuttle, 1956) was used for the 
ydrothermal syntheses. The conditions for the syntheses (temperature, 
cessure) have in general been the same as previously reported from this 
oratory, except that in some cases the time of hydrothermal runs was 
colonged to obtain better crystallinity of specimens. The crystallinity 
id the purity of each synthesized specimen were checked by x-rays be- 
‘re infra-red spectra were run. A few natural specimens were used, when 
nalyses were available. The specimens investigated are listed in Table I. 


pjra-red Spectra 


‘Measurements were made with a Perkin-Elmer model 21 double beam 
ectrometer in the spectral region between 400-5000 cm. using NaCl 
id KBr prisms. The previously dried specimens (110° C.) were inti- 
ately mixed with KBr powder and pressed under vacuum. Usually 
$—1.5 mg. of the specimens were mixed with 300 mg. KBr. The pressure 
»plied was 75,000 Ilb/sq. in. Spectra were obtained with scanning speed 
and with the gain 5-6. It was very convenient to obtain the spectra 
ing different gear combinations which correspond to various scale fac- 
rs. Generally spectra were obtained with the NaCl prism with the scale 
ctor 2 cm./u and with the KBr prism with the scale factor 1 cm./p. 
or quantitative work scale factors of 4 cm./u or 2 cm./u were used. Ap- 
rently the faster speed did not adversely affect the resolution for our 
irposes but much better defined absorption bands were obtained. 


RESULTS 


In Figs. 1 and 2 are shown the spectra for the end-member minerals 
presenting the dioctahedral and trioctahedral analogues of the 1:1 and 


1 clays. 


TABLE I. SpecimEeNS UsED IN THIS INVESTIGATION 


I. Trioctahedral 2:1 family 


1. Talc Mg;(Sis0i0) (OH)2 
2. Ni-Mg-Talc NiM go(SizOi0) (OH)2 
Saponites 


3. Mg3(Alo.17Sis.s3)O10(OH)2- Nao.17* 
4. Mg3(Alo.33Siz.67)O10(OH)2: Nao.s3* 
5. Mgs(Alo.s0Sis.50)O10(0H)2- Nao.s0* 
6. Mg3(Alo.67Sis.33) O10(OH)2: Nao.67* 


The Phlogopite-Biotite Series 

le Phlogopite KMg:;(AISis)O10(OH)»2 

8. Ni-Mg-Phlogopite KNiMg2(AISis)Oi0(OH)2 

9. Al—Phlogopite K(Mg».sAlo.s5) (Ali.sSiz.s)O10(OH)2 
10. Al—Biotite I K(Mg» oAl) (Alo, oSiz)O10(OH)2 


II. Dioctahedral 2:1 family 
11. Pyrophyllite Als(SigO10) (OH) 2 


Beidellites 

(Wee Ale(Alo.17Siz.83)O10(OH)2: Nao.17* 
13. Alo(Alo.s3Sis.67)O10(OH)2- Nao.s3> 
14, Ale(Alo.50Si3.50)O10(O0H)2- Nao.s0* 
iis Als(Alo.67Siz.33) 10(OH) 2: Nao.e7> 


Montmorillonites 

16. (Ali.ssMgy.17)Sis010(OH)2: Nao.iz? 
Alife (Alhi.67Mgo.33) SisO10(OH) 2° Nao.s3* 
18. (Ali.ssMgo.67)Sis010(OH) 2: Nao.e7* 


The Muscovite-Phengite Series 


19. Muscovite KAI» (AISis)O10(OH)2 
20. 4 Muscovite and 
3 Phengite K (Ali. 75M go 9s) (Mo. 75Sis.25) O10(OH)» 
PAW Phengite K (Ali.50Mgo.50) (Alo.50Si3.50)O10(0H)» 
III, Trioctahedral 1:1 family 
22. Antigorite Mg;(SixO5) (OH) 4* 
23. Chrysotile Mg;(Si05) (OH), 
Chlorites 
24. Mg». ssAlo.12) (Alo.2Sit,ss)O5(OH) 4 
25. (Mg. 75Alo.25) (Alo.25Si1.75)O5(OH)4 
20. Mg2.50Alo.50) (Alo.50Si1.50)O5(OH) 4t 


28. Mg» »95Alo.75) (Alo. 75Si1.25)O5(OH) at 
29. (Mge,12Alo, ss) (Alo. ssSit.12)05(OH)4 
Mg». ool, 00) (Alt. ooSit.00)O5(OH) at 


IV. Dioc'ahedral 1:1 family 


31. Kaolinite Alo(SizO5) (OH) 
32. Halloysite (Meta-) Aly(SisO;)(OH)4 


( 
( 
( 
27. (Mg. s6Alo.64) (Alo. ¢4Sit,36)O;(OH)« 
( 
( 
( 


* The natural platy antigorite from Vermlands Taberg, Western Sweden. 
} These specimens were investigated both, as the 7 A and 14A polymorphs. 
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G. 1 (above). Infra-red spectra of kaolinite (full line) and pyrohyllite (dashed line). 
~ Fic. 2 (below). Infra-red spectra of antigorite (full line) and talc (dashed line). 


Assignments for the main bands are shown on the diagrams themselves 
id have been discussed by use elsewhere (Stubi¢éan and Roy, 1959).* 
arting with each of these end-member spectra one can follow the vari- 
is types of substitutions common in clays: 


Trioctahedral 2:1 family 


Two types of substitution may be distinguished in this as in most 
uy mineral families. The first involves a simple ion for ion substitu- 
yn of Ni2+ for Mg?+. Ni2+ is used here as a model for the Fe** com- 
on in nature yet relatively difficult to handle in the laboratory. Talc, 


* Assignments for the main absorption bands have been accomplished by studying 
er lattice silicates where complete replacement of an ion e.g. Mg?" by Ni?* and Fe?t, 
+ by Gast or Fe*+, Gett for Si*t. The bands involving various OH-vibrations were lo- 


ed by complete replacement of OH” by OD. 
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3MgO-4Si0O2:2H20 may be regarded as the end-member structure here. 
In this case one can see a distinct shift as follows: the band which ap- 
pears in talc at 668 cm.-' moves slightly towards higher frequencies — 
(with }Ni and 2M¢ it is at 675 cm.~), and the new poorly resolved band 
appears at (10 cme Crips.) 

The second type of substitution involves a balanced charge dual sub- 
stitution. In talc itself experiments in this laboratory have demon- 
strated that the 2Al*+ for (Mg?+-+Si‘) substitution is very limited. 
However, it is of course well known that the replacement of Si** by 
(Al’+-+ Nat in exchange positions) gives rise to the saponite family of the 
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Fic. 3. Infra-red spectra of Ni-Mg-tale No. 2 (full line) and . 
Ni-Mg-phlogopite No. 8 (dashed line). . 


montmorillonoid; and the extent of substitution is very substantial (see 
Koisumi and Roy, 1959). 


Saponites 


Infra-red spectra of four synthetic specimens (Table I) with increas- 
ing amounts of aluminum ions in the tetrahedral sites were obtained. 
In this case 1 mg. of each specimen was mixed and pressed with 300 
mg. KBr. | 


The spectra obtained (Fig. 4) are comparable to the spectrum of talc. 
Some differences become more pronounced as the number of aluminum — 
ions in the tetrahedral sites increases. For example, with increasing 

alumina content there is an increasing intensity of the weak absorption 
band at 877 cm.! as well as the gradual appearance of the weak bands 
between 800-850 cm.~'. At the same time the absorption bands at 5205 


467, and 427 cm.~! are becoming more diffuse with slight changes in their 


ee 
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| Fic. 4. Infra-red spectra of saponites: No. 3 (full line), No. 4 
(dashed line), No. 6 (dotted line). 


yosition. The most radical change can be observed with the Si-O band of 
wic with the frequency center at 668 cm.—! which decreases in intensity 
ind moves towards lower frequencies. To determine more accurately the 
yosition and the intensity of this band for every synthetic saponite, the 
[bsorption spectra in the frequency region between 600-740 cm.~! were 
un using a scale factor of 4 cm./u (Fig. 5). In Fig. 6 one can see that 
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‘1G. 5. The Si-O band with talc and saponites. Numbers on the curves refer to the amount 
of aluminum ions in the tetrahedral coordination. 
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Fic. 6 (left). The relationship between the frequency of the Si-O band in the region 600- 
750 cm. with saponites and the amount of aluminum ions in tetrahedral coordination. 

Fic. 7 (right). The ratio of the intensities of the Si-O band with saponites (I;) to that with 
talc (I,) as a function of the amount of aluminum ions in the tetrahedral sites. 


there is a simple relationship between the content of aluminum ions in 
the tetrahedral sites and the frequency at the center of the Si-O vibra- 
tion, and in Fig. 7 the relative intensities of this band are correlated to 
the amount of aluminum ions present. 


The Phlogopite-Biotite Series 


A comparison of the saponite with a phlogopite absorption pattern 
(Fig. 4 and Fig. 8) shows what one would expect; as the substitution of 
Al for Si is carried further the changes proceed in the same direction as 
in the saponite series with increasing exchange capacity. Thus a new 
band appears at about 830 cm. and a series of weak maxima between 
600 and 780 cm. replaces the very sharp band at 668 cm.-'. The former 
is due presumably to a new Si-O-Al'Y stretching absorption and the lat- 
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lic. 8. Infra-red spectra of the members of the phlogopite-Al biotite series: No. 
7 (full line), No. 9 (dashed line), No. 10 (dotted line). 
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Pr due to the different Si-O-Si and Si-O-Al combinations made possible. 
he substitution of Nit for Mg?* in phlogopite again shows (Figs. 3 
nd 8) as in talc, that the substitution of ions with the same charge in- 
ences the infra-red spectra much less than the substitution of ions 
ith different charges. This is generally true if the substitution does not 
kceed a certain value where new bands appear. 

| Turning to the balanced substitutions one finds that the influence of 
itroducing octahedral as well as tetrahedral substitution is most clearly 
pticed in the increased absorption at about 730 cm. which may cor- 
spond to the Si-O-Al stretching frequency, and the new sharp bands in 
ae Si-Al, Si-Si, stretching region near 610, 675 cm.—!. In addition the 
ronounced shift in the absorption peak at 830 in pure phlogopite 
»wards 810 in the ‘“Al-biotite” composition may be used as an index of 


| . . . . 
se extent of the balanced substitution in phlogopite. 


r. Dioctahedral 2:1 Family 


_Just as in talc natural pyrophyllite itself shows very little variability 
| composition. However, when some of the Si‘ ions are replaced by 
B+ ions and the charge balanced by large cations between the sheets 
e generate a series of montomorillonoids—the beidellites. 


idellites 


infra-red spectra of four synthetic beidellites (Table I) were run using 
5 mg. of each specimen with 300 mg. of KBr. The spectra obtained of 
specimens are shown in Fig. 9. If we compare these spectra with the 
sectrum of pyrophyllite, some differences can be observed. It is pos- 
le to find in the spectra of beidellites all major Si-O bands as well as 
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Fic. 9. Infra-red spectra of beidellites: No. 12 (full line), No. 13 
(dashed line), No, 15 (dotted line), 
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° 
the O-H stretching and H-O--Al bands in approximately the same posi- 
tion as in the spectrum of pyrophyllite. Some differences can be ob- 
served with the weak bands in the region 700-900 cm.-'. With the 
beidellite of highest alumina content the broad absorption band at 
806-1 is replaced by two weak bands at 753 and 820 cm.”. 

The quantitative relationship between the amount of aluminum ions 
in the tetrahedral sites and the infra-red spectra can be seen if we con- 
sider the intensities of the two strong absorption bands at 535 and 474 
cm.—!, One can hope to find differences in the intensities of these bands 
with specimens having the same structures but different relative amounts 
of octahedral alumina and tetrahedral alumina and tetrahedral silica. 
With decreasing amount of silica in the tetrahedral sites as the result of 
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Fic. 10. Infra-red spectra of montmorillonites: No. 16 (full line), 
No. 17 (dashed line), No. 18 (dotted line). 


replacement with aluminum ions in beidellites, the difference in the in- 
tensities of the bands at 473 and 535 cm. decreases. These changes in 
the intensities can be correlated with the amount of aluminum ions in— 
the tetrahedral sites, but the precision here is low. 

Another family of montmorillonoids can be generated when Mg?+ 
replaces Al’* in the octahedral layer: this is the montmorillonite family. 


Montmorillonites 


Infra-red spectra of only three synthetic montmorillonites (Table I) 
were obtained (Fig. 10). In this case 1.5 mg. of each specimen were 
pressed with 300 mg. of KBr. The infra-red spectrum of specimen No. 16 
which contains only a small amount of magnesia in the octahedral site 
is essentially identical with the spectra of beidellites. The influence of the 
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acreasing amount of magnesia can be observed in two spectral regions 
rich are sensitive to the ionic substitution in the octahedral sites. The 
bsorption band assigned to the H-O--Al at 935 cm.-! becomes more 
ioorly resolved from the main Si-O band and the absorption band at 
(33 cm.~' shows a small shift towards higher frequencies. The latter band 
ecreases in intensity as the amount of aluminum ions in the octahedral 
ites decreases, and presumably could be generated by Si-O-ALY! vibra- 
ions. 


Muscovite-Phengite Series 
_ The type dioctahedral mica is moscovite: this mineral 
| KAl(AISi) 3019(OH)» 


»presents in reality only an end-member of the phengite family in which 
ig replaces Al** in the octahedral layer while some of the Al** of the 
etrahedral layer is replaced by Si**. 
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Fic. 11. Infra-red spectra of the members of the muscovite-phengite series: No. 
No. 19 (full line), No. 20 (dashed line), No. 21 (dotted line). 


In Fig. 11 the infra-red spectra of three synthetic specimens (Nos. 19, 
(0, 21, Table I) which contained increasing amounts of magnesium ions 
1 the octahedral sites are shown. It is evident that, with entry of mag- 
esium into the octahedral sites, the absorption band with the frequency 
‘35 cm.—! becomes more poorly defined, as was also the case with mont- 
norillonites. It seems also that the presence of magnesium ions causes 
he deactivation of vibrations which give rise to the appearance of the 
yeak absorption bands in the region 600-850 cm.~'. The displacement 
f the absorption band of muscovite at 543 cm.! towards lower frequen- 
ies is very marked and can be correlated with the presence of magnesium 
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ions in the octahedral sites. The quantitative relationship between the 
amount of magnesia and the frequency center of this band was estab- 
lished (Fig. 12). 


III. Trioctahedral 1:1 Minerals 


Septechlorites and Chlorites 


The chlorites form an extensive isostructural series with extensive 
ionic substitutions. The natural group comprises mainly magnesium and 
iron alumino-silicates, but appreciable amounts of chromium, nickel or 
manganese can also be found in natural specimens. 
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Fic. 12 (left). The relationship between the [reugency of the Si-O-AI’? band with the 
members of the muscovite-phengite series and the amount of magnesium ions in octahedral 
coordination. 


Fic. 13 (right). Infra-red spectra of 7 A chlorites (septechlorites) in the region 666-5000 
cm.1: No. 25 (full line), No. 26 (dashed line), No. 29 (dotted line), No. 30 (dash-dot line). 


& Our infra-red studies were concerned only with the magnesium alumi- 
num chlorites and specifically with the 7 A chlorites (septechlorites) and 
14 A chlorites (normal), the synthesis and stability of which have been 
reported by Nelson and Roy (1958). According to these authors, chlo- 
rites are layer lattice silicates of one of two polymorphic types. The one 
is a trioctahedral two-layer structure type and the other is a four-layer 
structure comparable to that of mica with substituted brucite sheets 
replacing Kt. There is an essentially continuous solid solution in the 
septechlorites extending between chrysotile and amesite compositions. 

Infra-red spectra of 7 specimens of septechlorites (Table I) have been 


obtained. In this case 1 mg. of the specimen was pressed with 300 mg. 
of KBr, 
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| With an increasing amount of aluminum ions in the octahedral and 
etrahedral sites the most striking change is in the width of the main 
i-O bands. Only a weak possible H-O--Al band appears in the richest 
il composition at 910 cm.! (Fig. 13). More sensitive to the amount of 
luminum ions present is the Al‘!-O-Si band with the frequency center 
t_ about 535 cm.-'. This band can be resolved with all septechlorites 
tom chlinochlore to amesite (Fig. 14). Neither of the above-mentioned 
bsorption bands is sensitive enough for quantitative treatment of iso- 
norphous substitution in this case. Some other strong absorption bands, 
.g. the Si-O band at 473 cm.~! as well as the Si-O-Mg™! band at 451 cm.-! 
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Frc. 14 (left). Infra-red spectra of 7 A chlorites in the region 450-910 cm.-1: No. 25 
‘ull line), No. 26 (dashed line), No. 29 (dotted line), No. 30 (dash-dot line). 

Fig. 15 (right). Absorption bands in the region 550-800 cm. with 7 A chlorites. Num- 
2s on the curves refer to the amount of aluminum ions in octahedral or tetrahedral co- 


cdination. 


re not affected by the presence of aluminum ions in the lattice. How- 
ver, characteristic changes in the absorption region between 590-750 
m.—! can be correlated in a quantitative way with the amount of alumi- 
\um ions in both coordinations. 

Starting from chrysotile (Fig. 15), the strong absorption band at 606 
m.—! is gradually shifted in the direction of higher frequencies as the 
mount of aluminum ions increases till finally with amesite we find the 
ame band at 685 cm.-!. Actually bands which are only poorly resolved 
a this region with chrysotile can be much better resolved with septechlo- 
ites as the result of this shift. It seems very probable that all absorption 
ands in this spectral region can be assigned to metal-metal stretching 


region can be correlated with the amount of aluminum ions in both 
coordinations. In this plot the most significant change appears to take 
in septechlorites between serpentine and chlinochlore, while in septe- 
chlorites between clinochlore and amesite the frequency of this Si-O 
band varies only from 665 to 685 cm.~ 

This apparent shape of the curve can easily be seen to be due to the 
overlapping of two bands which are clearly resolved in amesite but which 
are affected to different extents by substitution of Si** by Al** so that 
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Itc. 16. The relationship between the frequency of the strongest Si-O band in the ab- 
sorption region 550-800 cm. with 7 A chlorites (open circles) and 14 A chlorites (solid 
circles) and the amount of aluminum ions in octahedral or tetrahedral coordination. 


by the time the composition of penninite is reached they are barely re- 
solvable. Rather than attempt to separate the peaks geometrically the_ 
plot is simply made using the apparent peak position and gives rise to the 
apparent non-linear variation. 

A series of normal 14 A chlorite structures extends continuously be- 
tween one containing about 10% of alumina and amesite. The similarity, 
of the spectra of 14 A and 7 A chlorites is evident (Figs. 12, 13, 17, 18). 
Nevertheless, several distinctions exist. Regardless of Mahan content 
there is generally no resolved band at 910 cm.— with 14 A chlorites (Fig. 
13). It is known that this band is much less pronounced with 2:1 type 
than with 1:1 clay minerals even in the case when all octahedral posi- 
tions are occupied by aluminum ions. The main difference is in the ira 
quency region 750-850 cm.-! where the two bands are not as well re- 
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vibrations (Stubifan and Roy, 1959). Referring to Fig. 16 it can be = 
noticed that the frequencies of the strongest absorption band in this 
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Fic. 17. Infra-red spectra of 14 A chlorites: No. 26 (full line), No. 28 
(dashed line), No. 30 (dotted line). 


Jived with normal chlorites as with septechlorites. This results in the 
sssibility of using this band also to distinguish between two polymorphs 
#th the same composition. The strongest Si-O band in the frequency 
ion between 665 and 685 cm. which was used for quantitative treat- 
ent of the amount of octahedral and tetrahedral alumina with 7 A 
florites (vide supra) is found practically in the same position with the 
krresponding 14 A chlorites (Fig. 15). The shifts in this band are also 
walogous. The relatively small shift in this band from the clinochlore to 
ke amesite composition may be related to a disproportionation of the 
r** ions between the two octahedral layers. However, much more pre- 
Ise work will be necessary to establish this. Tuddenham and Lyon have 
heently (1959) published a paper concerned with the relation of infra- 
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hc, 18. Infra-red spectra of 7 A chlorite (dashed line) and 14 A chlorite (full line) No. 30. 
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red spectra and chemical composition of some natural chlorites. Their 
spectra extend from 650-5000 cm.-', and they propose the use of the 
shift in the main Si-O band near 1000 cm.!. The magnitude of the shift is 
considerably smaller than that shown here, but this shift may be of use 
to detect Fe?+ for Mg? substitution. Further, it should be noted that in 
some natural chlorites the band at 1080 cm.~! is completely re-estab- 
lished whereas in synthetic chlorites it is well integrated with the main 
Si-O band. It is more than likely that this is due to Al-Si disorder in the 
synthetic specimens, although the synthetic specimens are very well 
crystallized by x-ray diffraction evidence. 


IV. Dioctahedrai 1:1 Minerals 


The type dioctahedral mineral is kaolinite and no appreciable substi- 
tutions for Al or Si are known in nature. In the laboratory we have failed 
to introduce large amounts of Ga*t, Fe** or Ge*t, and the 3Mg’™ for 
2Al*+ substitution has not been achieved. 


THE INFLUENCE OF POLYTYPISM 


While gross spectral differences did not appear to exist between clays 
which differed only slightly in composition it may be anticipated from 
theory that perhaps more important differences will be found with minor 
structural variants. It has already been pointed out elsewhere (Stubi¢an 
and Roy, 1959) that the use of space group selection rules in such com- 
plex structures is very difficult if at all possible. However it seemed 
worthwhile to record infra-red spectra of several clay minerals which 
have essentially the same chemical composition but slightly different 
structure. Of special interest are the polytypic phases with different 
symmetry. Several polytypes exist in the serpentine group of minerals. 
Recently Brindley and Zussman (1959) published infra-red absorption 
data for serpentine minerals in the region 650-5000 cm.—. However, it 
could be anticipated that better distinction between spectra of these 
minerals can be obtained in the absorption region between 400-900 cm. 
where bending movements are involved since these would be most af- 
fected by stacking differences. It can be observed from Figs. 19, 20 that 
this is, indeed, the case. The platy antigorite (Vermlands, Taberg) and 
the fibrous antigorite (picrolite, Shipton, Quebec) with approximately the 
same composition but different morphology* have very similar absorption 
curves though some important differences can be observed. This can be 
seen in the different positions of the strong absorption bands in the ab- 


* For the data concerning morphology and unit cell parameters, see: Zussman, J., 
Brindley, G. W., and Comer, J. J. (1957), “Electron Diffraction Studies of Serpentine 
Minerals,” Am. Mineral. 42, 133-153. 
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Fic. 19 (left). Infra-red spectra in the 450-910 cm.— of the fibrous antigorite, Quebec 
kil line), chrysotile, Quebec (dashed line), and the platy antigorite, Taberg, Western 
eden (dotted line). 
Fic. 20 (right). Infra-red spectra of synthetic kaolinite (full line) and metahalloysite, 
mxeka (dashed line). 


rption region near 700 cm.~! as well as in the relative intensities of the 
inds at about 645 and 625 cm.“1. 

iChrysotile, (Clinochrysotile, Thelfas, Quebec) with a different struc- 
re, shows an apparently different absorption spectrum because the 
lative intensities of the absorption bands are very much different from 
ose of antigorite. However all absorption bands present in the infra- 
d spectra of antigorites can be found in the spectrum of chrysotile 
\ghtly shifted in position, or more poorly resolved, or with different 
lative intensities. Since the question of composition of these phases 
ises questions about interpretation, our attempt was made to work 
ith synthetic phases with nearly identical composition. In the infra-red 
vectra of three synthetic polytypes of muscovite, 1M, 2M, and 3T 
he composition of the 3T phase was Ko.7Al2(Alo.7Siz.33) O10(OH)2) small 
fferences were obtained (Fig. 21). The most important of these are the 
‘esence of a much stronger absorption band at 760 cm.“ in the triclinic 
1ase than in the monoclinic forms. Conversely the absence of the shoul- 
rr at 640 cm.—! in the 3T phase distinguishes it from the 1M and 2M 
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Fic. 21. Infra-red spectra of three polytypes of muscovite: 3T (full 
line), 2M (dashed line), 1M (dotted line). 


phases. Similar effects can be observed if one compares the absorption 
bands in the same region with pyrophyllite and beidellites (Figs. 1 and 
9), as well as in the spectra of kaolinite and halloysite (Fig. 20), which 
reflect the influence of rather extensive stacking disorder in the latter. 
phases as compared with reasonable order in pyrophyllite and kaolinite. 


DISCUSSION 


For many years it has been well known that the absorption frequen- 
cies in crystalline solutions* vary with the concentration of components. 
Infra-red spectra of solid solutions of alkali halides contain only one ab- 
sorption maximum and not two, as could be expected in the case of a 
true mixture (Kriiger e/ al., 1928). The same result was obtained with 
solid solutions of NaNO; and KNOs; (Raju, 1945). Likewise in the 
Raman spectrum only one line appeared with the solid solution for 
every line of each of its components, the frequency being intermediate. 
The theoretical approach to the interpretation of the vibration spectra of 
solid solutions was taken by Matossi (1951). An averaging effect is ob- 
tained at least at low concentrations of solute due to the influence of 
each cation (or anion) upon neighboring cation-anion bonds. In other 
words, one does not have individual dipoles vibrating independently and 
giving rise to frequencies corresponding to each cation-anion pair. In 
one way this is a pity, since other properties such as lattice spacings also 
reflect this averaging effect; on the other hand, where ionic sizes are 
similar the infra-red shifts are much more sensitive than lattice shifts. 
In crystalline solutions with high concentrations of solute separate ab- 


* More commonly, though less accurately, referred to as solid solutions. 
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[yption bands do appear, even though x-ray diffraction properties vary 
[ntinuously in this region. 
fin the light of this earlier knowledge one can consider the variation in 
e spectra caused by crystalline solubility in the layer silicates. As the 
Ist example of isomorphous substitution in the clays one can consider 
fe substitution in tetrahedral coordination of Al*+ for Si‘. 
{Quite different responses were obtained with the two families, di- and 
‘octahedral. This different response arises mainly from the fact that 
pbrations of ions in the crystal lattice are not independent of the rest of 
fe crystal. Up to now no specific band in the spectra of either family 
Juld be assigned to the Al-O vibrations with Al*+ in tetrahedral coordi- 
fition.* Hence, only indirect evidence of the presence of aluminum ions 
| the tetrahedral sites can be observed. 
‘The best examples of this case are found with saponites and beidellites. 
irmer (1958) discussed the infra-red spectra of talc, a saponite and a 
ctorite, and he pointed out only the general broadening of the absorp- 
Ibn bands of “‘smectites” as the result of the isomorphous subsitution 10 
fe talc structure. According to this author the broadening of bands is 
e result of the coupling of out-of-resonance vibration. However, more 
ndamental changes in the spectra of saponites with increasing amount 
{aluminum ions in the tetrahedral sites can be found. The gradual de- 
easing of the frequency and intensity of the Si-O band of talc at 668 
In.~' reflects the disturbing influence of the presence of the tetrahedral 
juminum ions on their Sit*-O neighbors (Fig. 5). With dioctahedral 
fiy minerals, e.g. with beidellites, the absorption spectrum in this region 
'modified due to the presence of trivalent ions in the octahedral sites 
iig. 9). The absorption spectra in this latter case offers less possibility 
lr quantitative treatment of ionic substitution. The presence of alumi- 
jim ions in the tetrahedral sites in this case can be correlated only to the 
Kcreasing of intensity of the Si-O band at 473 cm. relative to the 
finds at 535 cm.11. 
I Quite a different response can be observed when the substitution takes 
lace in the octahedral sites. Probably the most radical changes are ob- 
rved when the substitution of ions with different charge takes place. Con- 
Her first the substitution in dioctahedral clay minerals. The effect of 
is kind of substitution on the infra-red spectra of montmorillonites and 
e members of the muscovite-phengite series can be easily observed 
Tigs. 10 and 11). In this case two spectral regions are very sensitive to 
bstitutions. First, with increasing amount of magnesia in the octa- 


* The position of such a band calculated by the method of Dachille and Roy (1959) 
suld indicate a value of 10.5 u. The band may be slightly shifted due to the environment 
Id obscured by the neighboring bands. 
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hedral sites, the H-O--Al absorption band at 935 cm.~! decreases in inten- 
sity and is more poorly resolved. Second, the frequency and the intensity 
of the Si-O-AI”! band at 535 cm.—! decreases as the result of this substi- 
tution. Both parameters can be useful for the estimation of the amount 
of magnesium ions in the octahedral sites with dioctahedral clays (Fig. 
12). No bands for Mg-O absorption appear clearly in this range of con- 
centration of Mg?*. 

With trioctahedral clays both above-mentioned bands are absent, 
though with increasing amount of aluminum ions in the octahedral sites 
one could expect their gradual appearance. These bands do indeed be- 
come visible in the spectra but only in specimens containing large 
amounts of alumina. With trioctahedral clays the shifts in these regions 
are not sensitive enough for more quantitative determination of the 
amount of aluminum ions in the octahedral sites. Nevertheless, even with 
trioctahedral clays the typical changes of spectra can be correlated with 
the amount of aluminum ions in the octahedral sites (Fig. 8). Certainly 
in these cases we have to consider also the combined influence of the 
octahedral and tetrahedral substitution. 

In summary, it can be said that: 

1. The ions involved in the vibrations responsible for most of the 
major absorption bands in the 400-500 cm.~! infra-red region 
are now fairly well-established. 

2. Shifts in the absorption frequency and/or intensity can be used 
to indicate the amount and location of substituent ions, provid- 
ing a sensitive method for the study of layer lattice silicates. 

3. Structural changes in the clays in various reactions, e.g. heating 
(Stubiéan, 1959) or chemical leaching, may also be followed by 
changes in infra-red spectra. 
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MINERALOGY AND PETROLOGY OF THE SYSTEM 


Al.O3-SiOs-H2O IN SOME PYROPHYLLITE 
DEPOSITS OF NORTH CAROLINA 


E-an ZEN,* Department of Geology and Geography, 
University of North Carolina. 


ABSTRACT 


The mineral assemblages from seven pyrophyllite deposits in the Volcanic Slate belt 
of the North Carolina Piedmont were studied by «-ray and microscopic methods. These 
deposits are at Glendon, Robbins, Staley, Snow Camp, Hillsboro, Hager’s Mountain, and 
Bowling’s Mountain. 

Six of the minerals found in these deposits belong to the ternary system AlyO3-SiO2-H20: 
quartz, pyrophyllite, andalusite, kyanite, kaolinite, and diaspore. The following are 3-phase 
assemblages belonging to the ternary system: quartz-kaolinite-pyrophyllite; pyrophyllite- 
andalusite-quartz; and kaolinite-diaspore-pyrophyllite. All the observed relations, in de- 
tail, are consistent with the assumption of mutual equilibrium among the minerals. The 
occurrence of andalusite-kaolinite assemblage at Hillsboro but of pyrophyllite-diaspore at 
Staley suggest differences in physical conditions of metamorphism at these localities. 

The prevalence of 3-phase assemblages indicates that H:O behaved as a fixed chemical 
component during the formation of the pyrophyllite bodies. This conclusion is inconsistent 
with a hydrothermal-replacement origin for these bodies, as such a theory implies that HzO 
belonged to an open system and thus was a mobile component. An alternative mode of 
origin, consistent with the mineralogical and geological data, starts with saprolite bodies 
on the weathered surfaces of the volcanic rocks. The saprolite was buried by later volcanic 
rocks and subsequently the entire sequence was metamorphosed; during recrystallization 
the saprolite bodies behaved as closed systems. Relative concentrations of AlsO3, SiO2, and 
H20 at different parts of each deposit account for the difference in mineral assemblages. 
The regional metamorphism was of low grade; nowhere was the almandite isograd reached. 


INTRODUCTION 


The pyrophyllite deposits of North Carolina are intimately related 
geologically to the Volcanic Slate belt of the Piedmont region. The gen- 
eral mode of occurrence of the pyrophyllite deposits and their possible 
origin, as well as the geology of the surrounding areas, have been dis- 
cussed by Stuckey (1928) and by Broadhurst and Councill (1953). 

The writer has recently studied the detailed mineralogy and petrog- 
raphy of seven of these deposits, as well as their wall rocks. Although the 
work is yet incomplete, enough has emerged to justify a report on the 
relations among those minerals that belong to the chemical system 
Al2O3-SiOe-H20. 

The seven deposits reported here are at Glendon (both the Womble 
and Phillips pits), and Robbins, both in the Deep River region in the 
northern part of Moore County; at Staley in Randolph County, at 


* Present address: Theoretical Geophysics Branch, U. S. Geological Survey, Silver 
Spring, Maryland. 
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__ Fic. 1. Map showing location of the seven pyrophyllite deposits reported in this paper 
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‘Hillsboro in Orange County, at Hager’s Mountain in Person County, at 
Bowling’s Mountain in Granville County, and in several small pits near 
Snow Camp in Alamance County (Fig. 1; Stuckey, 1928; Broadhurst and 
Councill, 1953; Conley, 1958). The samples were studied both with the 
petrographic microscope and with a Norelco X-ray Diffractometer; 
wherever possible results using the two methods are correlated with each 
other. 
MINERALOGY 

'ntroduction 

Although many of the minerals in these deposits do not belong to the 
simple system Al,O3-SiO.-H2O, discussion of the other minerals will be 
ymitted. The principal omitted minerals are chloritoid, clinozoisite, 
chlorite, muscovite, paragonite, hematite, rutile, and pyrite. 


Pyrophyllite AlzSisO1o (OH) 2 

Pyrophyllite is one of the commonest and most abundant minerals in 
he deposits; it is also found in the country rock. It occurs rarely as radi- 
iting rosettes of clear pale blue-green crystals up to 2 mm. by 10 mm. in 
size, and as such has been found at Staley,f and at Bowling’s Mountain. 
More commonly, pyrophyllite occurs as fine, felty aggregates. The indi- 


+ The thermochemical properties of the best sample from Staley are being measured by 
2, A. Robie of the Theoretical Geophysics Branch, U. S. Geological Survey. 
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. 
vidual crystals are too small to be seen in a hand specimen but the 
mineral is easily detected by the soapy feel of the rocks containing it. 
Fine aggregates of pyrophyllite occur in nodules, and in massive as well as 
banded rocks. 

Microscopically, pyrophyllite is easily distinguished from kaolinite by 
its much higher birefringence, but it can be distinguished from muscovite 
and paragonite only by x-ray diffraction. The series of diffraction lines 
due to the (00/) planes, with the basal spacing of about 9.2 A, is diag- 
nostic. The only possible mineral with which it might be confused, talc, 
has not been found in the pyrophyllite deposits. 


Kaolinite, AlSiz0;(OH)s 


Kaolinite is a common mineral in all seven deposits. It occurs not only 
in clearly secondary, cross-cutting veins and joint-fractures, as at Hills- 
boro, but also occurs in the bulk of the deposits. In fact, few pyrophyllite- 
rich samples are free of kaolinite. Kaolinite also occurs in the country 
rock without pyrophyliite. 

Microscopically, kaolinite occurs as small lath-shaped crystals of low 
birefringence, showing at most first-order grey interference color. Where 
intergrown with pyrophyllite, the sharp contrast in birefringence sepa- 
rates the two phases easily. Many of these intergrowths are on a micro- 
scopic scale, with both phases scattered throughout a thin section. There 
is no textural evidence in any of the samples studied to indicate that 
either mineral is an alteration product of the other. 

The chief basis for the identification of kaolinite in a sample is by its 
x-ray diffraction pattern, with the strong 7 A basal reflection and its 
higher harmonics. As the samples rarely contain chlorite, it causes little 
confusion in identification. 


Diaspore AlLOOH 


Diaspore occurs in the Staley deposit (Broadhurst and Councill, 1953, 
p. 18). The writer has not found this mineral in the quarry; however, Dr. 
J. L. Stuckey kindly contributed a small sample from his collection. The 
sample is grey and shows crude blade-like crystal forms covered by scales 
of a white mica. Diaspore is identified by its x-ray diffraction pattern; the 
associated white mica is pyrophyllite with a trace of kaolinite. Due to the 
unavailability of more samples, no microscopic study has been made. 


Andalusite AlySiOs 


Andalusite is found at Staley and at Hillsboro, and has been reported 
by Broadhurst and Councill (1953, p. 15) from Bowling’s Mountain. The 
color is grey in some, but more commonly is light blue or turquoise. 


Pa 
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Microscopically, andalusite is characterized by its optical properties 
(Winchell and Winchell, 1951, p. 521). Its relatively high refringence makes 
it stand out in strong relief. In most samples, it occurs as anhedral to 
subhedral masses, strongly poikilitic with inclusions of subhedral quartz, 
tand a few crystals of pyrophyllite or kaolinite scattered both inside and 
around the andalusite. The andalusite crystals are up to 5 mm. across. 
| The x-ray pattern of andalusite is compared with that of a standard 
ndalusite from Laws, California, in the Holden Collection of the Min- 
pralogical Museum, Harvard University (no. 95769). 


Wyanite AlySiOs 


In this study, kyanite has been found only at Hager’s Mountain near 
Roxboro, Person County. Here it is found in two modes of occurrence: as 
arge (up to 6 inches long) crystals in the bulk of the deposit, associated 
porincipally with quartz. Such kyanite forms large knobs on slightly 
. eathered surfaces and is commonly pseudomorphed after by white 
Faica. It also occurs as pale blue, clear, blade-like crystals in vein fillings 
a the rock, and is associated with pyrophyllite and quartz. 

Both kyanite and andalusite have been reported from Bowling’s 
Mountain (Broadhurst and Councill, 1953, p. 15). In the present study, 


2owever, neither was found. 


-Quartz is common in the specimens studied, although it is absent in 
tome samples and is subordinate in many others. Quartz occurs both as 
line, subhedral grains more or less uniformly disseminated in the rocks, 
j.nd in veins. 

PETROLOGY 


lia ineral Assemblages 


The minerals found at the seven pyrophyllite localities are listed in 
|-able I; for completeness the entire assemblages are given and those 
hainerals belonging to the ternary system Al,O;-SiO2-H2O are set in 
lcalics. Each assemblage represents the minerals found in a single thin- 
bection, or a single «-ray mount. 


hase Relationshi ps 


| The observed phase relationships in the ternary system Al2O3-Si102- 
[1,0 are depicted in Fig. 2. A few comments are necessary. 

The first point concerns the anhydrous phase, andalusite. As remarked 
tefore, andalusite occurs as stout, poikilitic porphyroblasts in most of the 
lpecimens. In a hand specimen it may appear corroded, yet microscopi- 
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TABLE I 
I. Assemblages with four phases in the ternary system 
Pyrophyllite-kaolinite-andalusite-quar tz (Hillsboro, Glendon?) 
Pyro phyllite-kaolinite-kyanite-quartz (Hager’s Mountain) 
Il. Assemblages with three phases in the ternary system 
Pyro phyllite-kaolinite-quartz (Hillsboro; Glendon; Hager’s 
Mountain; Staley?) 
Pyro phyllite-kaolinite-quartz-chloritoid (Glendon; Robbins) 
Pyrophyllite-kaolinite-quartz-hematite (Glendon) 
Pyrophyliite-kaolinite-quartz-muscovite-chlorite (?) (Robbins) 
Pyrophyllite-kaolinite (2)-quartz-chlorite (Hager’s Mountain) 
Andalusite-pyro phyllite-quarts (Staley; Hillsboro) 
Andalusite-kaolinite (2)-quartz (Hillsboro) 
Pyrophyllite-dias pore-kaolinite (Staley) 
Ill. Assemblages with two phases in the ternary system 
Kaolinite-quarts (Glendon) 
Kaolinite-quartz-muscovite (Hillsboro; Bowling’s Moun- 
tain) 
Kaolinite-quartz-chloritoid-chlorite (?) (Glendon) 
Kaoliniie (?)-quartz-muscovite-chlorite (?) (Snow Camp) 
Pyrophyllite-kaolinite (Glendon; Robbins; Staley) 
Pyro phylliie-kaolinite-muscovite (Glendon) 
Pyro phyllite-kaolinite-clinozoisite-chlorite (?) (Glendon) 
Pyro phyllite-kaolinite-chloritoid-muscovite (Glendon) 
Pyrophyllite-kaolinite-chlorite-chloritoid (Glendon) 
Pyro phyllite-kaolinite-chloritoid (Robbins) 
Andalusite-quarts (Hillsboro; Staley) 
Andalusite-kaolinite-muscovite (Hillsboro) 
Pyrophyllite-quarts (Staley) 
Pyro phyllite-quartz-muscovite (Staley; Robbins; Snow Camp) — 
Pyrophyllite-quartz-chloritoid-hematite (Glendon) 
Pyrophyllite-quarts-chloritoid (Glendon; Staley; Robbins; 
Snow Camp) 
Pyrophyllite-quartz-chloritoid-chlorite-muscovite (?) (Glendon) 
Pyro phyllite-quartz-muscovite-chloritoid (Snow, Camp) 
K yanite-quarls-chloritoid (Hager’s Mountain) 
IV. Assemblages with one phase in the ternary system | 


Pyrophyllite 

Pyrophyllite-muscovite 

Pyro phyllite-chloritoid-chlorite-muscovite 
Quarlz-mtscovite 


Quartz-chloritoid 
Quartz-chloritoid-hematite 
Quartz-chloritoid-chlorite 


(Staley) 

(Staley; Robbins) 

(Staley) 

(Glendon; Bowling’s Moun- 
tain; Snow Camp) 

(Glendon; Hager’s Mountain) | 

(Glendon; Staley; Snow Camp) — 

(Glendon; Staley) 


, 


# 
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TABLE I (continued) 


Quartz-chloritoid-chlorite-muscovite (Glendon) 
Quartz-muscovite-paragonite (Hager’s Mountain) 
Quartz-chlorite-muscovite (Hager’s Mountain) 
Quartz-muscovite-chloritoid (Staley; Snow Camp?) 
V. Assemblages with no phase in the ternary system 
Muscovite (Hillsboro; Glendon; Snow 
Camp) 
Fluorite (Glendon) 
VI. Assemblages with phase questionably in the ternary system 
Montmorillonite (?) (Glendon) 


A(Ky) 


c A? Q 


Fic. 2. Observed mineral assemblages (crosses) in the ternary system ALOs S07 Hi0. 
\ (a), Bowling’s Mountain; (b), Glendon; (c), Hager’s Mountain; (d), Hillsboro; (e), rae 
(f), pits near Snow Camp; (g), Staley. Key to mineral phases: W, a H,O phate eee Rs 
liquid); G, gibbsite; D, diaspore; C, corundum; A, gpdalusite; Ky, kyanite; K, kao : 
IP, pyrophyllite; and Q, quartz. Symbol ¢ stands for “phase. 
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cally there is no evidence of its conversion to other minerals. Its grain 
contact is mostly with quartz, but even where it is in contact with pyro- 
phyllite and, more rarely, kaolinite, the contact is clean and the crystals 
are well-developed. Andalusite therefore is presumably in chemical 
equilibrium with the surrounding minerals. 

The occurrence of the four-phase assemblage, andalusite-kaolinite- 
pyrophyllite-quartz, at Hillsboro, may therefore seem anomalous, inas- 
much as according to Goldschmidt’s Phase Rule (Goldschmidt, 1911, 
p. 123), in general no more than three solids may be expected in a ternary 
system. Microscopic examination shows, however, that no more than 
three of these solids occur in direct contact with one another. One of the 
specimens from Hillsboro showing the four-phase assemblage on the «-ray 
chart consists of these sub-assemblages, when the mutual contacts are 
noted: pyrophyllite-andalusite-quartz, kaolinite-andalusite, pyrophyl- 
lite-quartz, andalusite-quartz. Thus even though the specimen, on the 
scale of a thin section, may be out of chemical equilibrium, yet locally 
such equilibrium prevails, and all the phases present, including anda- 
lusite, may be interpreted as stable with their surroundings. The large 
number of sub-assemblages even in a thin section must then be explained 
by the immobility of the chemica! components during recrystallization. 
The 3-phase assemblage from Hillsboro, with andalusite-kaolinite- 
quartz, appears to contradict the phase diagram drawn on the basis of the 
above discussion; however in this particular sample the identification of 
kaolinite is questionable and the rock is predominately an andalusite- 
quartz rock. 

The detailed textural relation of kyanite tu its associated minerals from 
Hager’s Mountain is as yet unknown. Kyanite and andalusite have not 
been found together by the writer. This may be due to imperfect sampling, 
however; for Broadhurst and Councill (1953, p. 13, 16) report both kya- 
nite and andalusite from the Bowling’s Mountain deposit. 

The second point of interest is that, as far as the ternary system is con- 
cerned, the mineralogical assemblages at each locality are mutually 
compatible; the ternary diagrams (Fig. 2) relating these phases, drawn on 
the basis of mineralogical data, make sense. None of the other phases 
listed with these assemblages, moreover, count in this system, since for all 
such phases other distinct chemical components must be reckoned with. 
Thus for muscovite, we have K.O; for paragonite, Na2Q; clinozoisite, 
CaO; chloritoid and/or chlorite, FeO and MgO; hematite, Fe.O;;* and 


* Tf oxygen should turn out to be a mobile component (Korzhinskii, 1950) during the 
metamorphism, FeO; would not count as a distinct component in addition to FeO (Thomp- 
son, 1957; Zen, 1960). However, of the three phases, hematite, chlorite, and chloritoid, only 
two have been found in a given sample. 
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fluorite, F.* Other phases and _ their corresponding components are: 
_lazulite, P.O; (Staley, Glendon; Conley, 1958, p. 60, 62); ilmenite, TiO, 
(Glendon, Robbins; Conley, 1958, p. 60); malachite, CuO (Bowling’s 
Mountain; Conley, 1958, p. 32); pyrite, S (all deposits; the writer’s own 
observations). Unfortunately, in the literature the specific mineral asso- 
| Ciations are not always cited. 
| The third feature of petrologic interest is the nature and occurrence of 
some 3-phase assemblages. The assemblage pyrophyllite-kaolinite-quartz 
is common and occurs at all places except Bowling’s Mountain and the 
pits near Snow Camp. The assemblage diaspore-kaolinite-pyrophyllite iss 
found only at Staley by the writer, whereas andalusite-pyrophyllite- 
quartz is found both at Hillsboro and at Staley. Textural evidence is 
consistent with the interpretation that these 3-phase assemblages repre- 
‘sent equilibrium assemblages. Kaolinite and pyrophyilite generally are 
“intermixed; more rarely pyrophyllite occurs as clusters in a matrix of 
kaolinite. Prevalence of such phase assemblages in a finite volume, in a 
“system with H2O as one of the components, if in internal equilibrium, 
implies that H.2O behaved as a fixed component (Thompson, 1955, p. 
80) during metamorphism. The significance of this point is discussed in 
the next section. 
_ A final point of petrologic interest is the existence, at Staley, of the 
‘assemblage pyrophyllite-diaspore-kaolinite (trace). Diaspore is also 
1reported by Broadhurst and Councill (1953, p. 20) from Holman’s Mill, 
‘Snow Camp, presumably with pyrophyllite. This mineral pair is incom- 
|} patible with the pair andalusite-kaolinite (Fig. 2g), which is found at 
‘Hillsboro. This fact indicates a crossing of 2-phase tie lines; for even if it 
| be assumed that andalusite is a metastable relict, still if pyrophyllite and 
(diaspore are stable together, hydration of andalusite should result in the 
{formation of this pair before any kaolinite could appear. Since all four 
| phases, kaolinite, pyrophyllite, andalusite, and diaspore, belong, as far as 
1we know, strictly to the ternary system Al.O3-SiO2-H;O, the fact that 
-andalusite-kaolinite and andalusite-kaolinite-pyrophyllite assemblages 
| prevail at Hillsboro and the alternative, pyrophyllite and diaspore, occur 
-at Staley (and possibly Holman’s Mill also) suggests therefore that real 
differences in the physical environment (temperature and total pressure) 
‘of metamorphism existed between Staley (and Snow Camp) and Hills- 


‘boro. 


* Topaz has been reported from Bowling’s Mountain, Hillsboro and Staley (Broadhurst 
‘and Councill, 1953, p.15, 17, 19). The three phases, topaz, fluorite, and clinozoisite, share the 
‘two components, Ca and F, in the enumeration of number of components and phases when 
‘we apply the Gibbs Phase Rule. However, no more than two of these are known to occur In 


iany deposit. 
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Fic. 3. Experimental data on the system AlsO3;-SiO.-H2O. Long dashed lines: the extrap- 
olated univariant curves for the dry system, according to Clark, Robertson and Birch 
(1957). Solid lines and short dashed lines: determined and extrapolated breakdown curves 
due to Roy and Osborn (1954). Dotted lines: curves due to Kennedy (1959). The discon- 
tinuous high-pressure and low-pressure portions of the diaspore breakdown curve due to 
Kennedy are from his Figs. 1 and 2, respectively, obtained by different experimental tech- 
niques. All breakdown curves for hydrous phases are for equilibrium with pure H20. 


P, T Conditions of Formation of Pyrophyllite Deposits 


The mineral assemblage data from the several pyrophyllite deposits 
afford an estimate on the temperature and total pressure of formation of 
these deposits. 

The high temperature-high pressure portion of the equilibrium dia- 
gram for the system Al.SiO; was studied by Clark, Robertson and Birch 
(1957). These authors determined the kyanite-sillimanite univariant 
transition curve at 7>900° C. and P>17 kilobars. Using this curve and 
also available thermochemical data on these phases, the authors extrap- 
olated their results to lower temperatures and total pressures, to include 
the probable phase region for andalusite. The position of the andalusite 
field is drawn on the basis that it is probably the relatively low-tempera- 
ture, low-pressure phase. The lines thus obtained are consistent with the 
experimental work of Roy (1954) and Aramaki and Roy (1958), and with 
known geological occurrences.* 

The extrapolated diagram of Clark, Robertson and Birch is shown in 
Fig. 3. It suggests the approximate conditions of formation of the Hills- 


* It should be pointed out, however, that Aramaki and Roy (1959) now refer to the 
phase they obtained as a “disordered” phase with andalusite structure but rather different 
unit cell dimensions, 
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boro, Staley (both with andalusite), and Hager’s Mountain (kyanite) 
deposits. Bowling’s Mountain deposit, with reported kyanite and anda- 
_lusite, may have formed near the univariant transition. Holman’s Mill at 
Snow Camp is reported to yield andalusite (Broadhurst and Councill, 
1953, p. 20) ; although this mineral is not found in the pits near Snow Camp, 
_here reported, the proximity of these pits to Holman’s Mill suggests that 
_ they, too, formed under conditions in which andalusite was stable. 
| The breakdown curves of Roy and Osborn (1953, p. 876) for pyrophyl- 
lite, forming andalusite, quartz, and vapour, and for diaspore, forming 
corundum plus vapour, are given Fig. 3 as dashed lines. These curves 
_apply when the fluid phase is pure H,O. Kennedy (1959, p. 565, 568) pre- 
sents a breakdown curve for diaspore, forming corundum and vapour, 
which is slightly lower in temperature than the curve of Roy and Osborn; 
it is shown as dotted line. The discrepancy between the two sets of data 
is negligible for our purpose. 
Kennedy (1959, p. 565, 568) also gives a breakdown curve for gibbsite, 
‘forming vapour plus diaspore (stable) or boehmite (metastable). The 
stable extension of this curve of course should extrapolate to the left 
- Gower temperature) side of his gibbsite-boehmite curve, thus enlarging 
the diaspore stability field. The amount of this enlargement is unknown. 
Roy and Osborn (1954, p. 876) also give a curve for the breakdown of 
kaolinite; however, the reaction product is hydralsite, which is meta- 
stable (Aramaki and Roy, 1958, p. 1530). Whereas at first sight the curve 
might seem to give a ceiling to the stability of kaolinite (as the product is 
a metastable phase), kaolinite is not compositionally equivalent to 
vapour plus hydralsite (using the probable composition of Roy and 
Osborn), and the effect of the as yet undetermined additional phase or 
phases participating in the reaction cannot be evaluated. 
The P-T region between the gibbsite breakdown curve (between 100° 
C. and 200° C.) and the diaspore breakdown curve (around 400° C.) gives 
the stability field for diaspore (found at Staley and Holman’s Mill, Snow 
Camp) for equilibrium with pure H,O.* For the other deposits, the break- 
down curve for pyrophyllite would give the upper limit. A more realistic 
reaction to consider, however, is 
kaolinite + quartz = pyrophyllite + HO 


This reaction curve would occur to the low-temperature side of the break- 
down curve for kaolinite alone and thus should impose a lower ceiling on 


* The reaction 
Diaspore + pyrophyllite = andalusite + H,0 


is more realistic than the breakdown of either pyrophyllite or of diaspore alone; this curve 
must be located to the left of the breakdown curve for diaspore alone. 
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the temperature of formation of the pyrophyllite deposits carrying 
kaolinite. 

The metamorphism of the pyrophyllite deposits probably did not occur 
in equilibrium with pure HO, owing to the fact that many of these 
deposits contain three-solid-phase assemblages in the system Al2O3- 
SiO.-H.O, apparently in internal equilibrium. This fact precludes a free 
H;0 phase. Even though addition of other components in the fluid phase 
could result in its coexistence with the three solids, the value of the chemi- 
cal activity of HO in such a solution is necessarily lower than that of a 
fluid phase composed of pure H.O. The temperatures of formation of the 
pyrophyllite deposits therefore were likely lower than the maximum 
predictable from the curves in Fig. 3, although by an unknown amount. 

This last conclusion is consistent with the coexistence of andalusite and 
pyrophyllite in the deposits. The diagram of Clark, Robertson and Birch, 
and of Roy and Osborn indicate (see Fig. 3) that sillimanite or mullite, 
rather than andalusite, should be the anhydrous aluminum silicate stable 
with pyrophyllite, for equilibrium with pure H2O, except at extremely 
low pressures where the pyrophyllite breakdown curve begins to curve 
sharply to the left. With dilution of the fluid phase, however, the break- 
down curves for the hydrous phases shift progressively to lower tempera- 
tures (Thompson, 1955) and thus the breakdown curve for pyrophyllite 
should eventually enter the stability field of andalusite, resulting in the 
observed association of andalusite and pyrophyllite. 


ORIGIN OF THE PYROPHYLLITE DEPOSITS 


Stuckey, after a field and microscopic study of many of the North 
Carolina pyrophyllite deposits, concludes that these deposits originated 
from hydrothermal replacement of preéxisting volcanic tuffs and breccias 
of dacitic and rhyolitic composition (1928, p. 35). The deposits are thought 
to be located along zones of structural weakness; where no pre-pyrophyl- 
lite faults are found, the zones of weakness are attributed to drag folding 
and shearing along the limbs of folds (1928, p. 41) since some of the de- 
posits are found to occur in such positions (1928, p. 40). Broadhurst and 
Councill (1953, p. 12) agree with Stuckey’s conclusions, without stating 
supporting evidence. 

The present data on mineral assemblages bear upon the possible origin 
of the deposits. The fundamental assumption is that, unless evidence 
points to the contrary, the minerals in each assemblage are in mutual 
equilibrium. 

The existence of three-phase assemblages, diaspore-pyrophyllite- 
kaolinite, andalusite-quartz-pyrophyllite, and pyrophyllite-kaolinite- 
quartz, excludes the possible existence, during the formation of the 
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| deposits, of a free solution phase which a “hydrothermal solution” im- 
_ plies. Even though the coexistence of four phases (3 solids plus a solution) 
_in a ternary system is permitted by Gibbs’ Phase Rule, such an assem- 
_blage implies univariant equilibrium and specific combinations of tem- 
| perature and total pressure. Such combinations are not expected in 
_ general to be of geologic importance (Goldschmidt, 1911, p. 123). 
One may argue that hydrothermal solutions are probably not pure 
HO but contain other dissolved components; an assemblage like pyro- 
phyllite-kaolinite-quartz-solution therefore is not ternary and more than 
three phases may be expected in general. However, a hydrothermal 
solution implies that H.O behaved as a “mobile”? component whose 
amount is not determined by the initial composition of the local system 
(Thompson, 1955). Similarly, a hypothetical component whose sole 
function is to allow an additional solution phase, but which does not 
manifest itself in the mineralogy of the product, must also have moved in 
and out of the system and therefore is mobile in the same thermodynamic 
sense. Thompson (1955) and Korzhinskii (1950) have independently 
shown that for a system which is thermodynamically open, at arbitrary 
values of T and Ptotai the maximum number of phases, ¢maximum, is related 
to the total number of distinct chemical components, c, and the number 
of distinct mobile components, c’, by the equation maximum =c—c’. The 
mobile components therefore cannot contribute to the number of solid 
phases present. If a hydrothermal solution existed, in fact, in the 
ternary system Al,O3-SiO».-H.2O, in general only two solid phases should 
be found, since c=3 and c’=1 (HO). These 2-phase assemblages should 
be spatially so distributed that they reflect the existence of chemical 
potential gradients of the mobile components during recrystallization. At 
Glendon, the sample collection was arranged with this possibility in mind. 
No systematic mineralogical variation of this sort was found. 
The prevalence of the 3-phase assemblages in the ternary system, In 
fact, indicates strongly that HO behaved as a fixed component during 
the formation of the pyrophyllite deposits, contrary to the general situa- 
tion in regional metamorphism (Thompson, 1957; Zen, 1960). 
An alternative origin, consistent with the mineral assemblage data, 
and, as far as the writer is aware of, the geologic information, is as follows. 
The protolith for the pyrophyllite deposits studied in this report were 
bodies of saprolite which resulted from the deep weathering of the thyo- 
litic or dacitic country rock. The residual material would be high in 
silica, alumina, and ferric oxide. Most of the other components tend to be 
leached out; among the alkali and alkaline earth oxides, K2O would be 
the most stable and lag behind (Goldich, 1938, p. 54). The resulting rock 
would have the general chemical composition of the pyrophyllite de- 
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posits. The envisioned condition of weathering is much like the present 
one in North Carolina. 

This picture of surface weathering of volcanic rocks implies discon- 
formities or unconformities in the Volcanic Slate sequence. Recent map- 
ping (Conley, 1959; Stromquist and Conley, 1959) in the Albemarle and 
Denton quadrangles in south-central North Carolina has revealed at 
least one major unconformity in the Volcanic Slate sequence; it would be 
interesting to see if the same, or a similar, stratigraphic break occurs at 
the zone of pyrophyllite deposits. 

The saprolitic deposits, scattered on the disconformity surface, were 
buried by later, additional volcanic eruptions. At a later date, the entire 
rock sequence was deformed and metamorphosed. In the saprolitic 
bodies, the alumina:silica ratio varied from one place to another, and the 
H:,0 concentration also varied. For some reason, the component HO 
remained fixed during metamorphism; there was little redistribution of 
this component even ona very small scale, and certainly none on the scale 
of the individual deposits. Depending on the relative proportions of the 
three components, therefore, different mineral assemblages resulted—for 
instance, andalusite and quartz if the system were free of H2O, but 
kaolinite-quartz if the system were very hydrous. A few portions of the 
bodies were low in silica relative to alumina (approaching a true laterite), 
and now contain diaspore; by and large however quartz is present. 

The metamorphic grade of the rock sequence as a whole was such that, 
in the country rock, such mineral assemblages as muscovite-pyrophyllite 
chlorite-chloritoid-quartz, and pyrophyllite-clinozoisite-muscovite-quartz re- 
sulted. Hematite, rather than magnetite, was the predominant iron 
oxide phase. These are mineral assemblages typical of metamorphism near 
or just below the almandite isograd; in west-central Vermont (Zen, 1960), 
similar mineral assemblages characterize phyllites and slates. The 
country rock of the pyrophyllite deposits is also slate and phyllite 
(Stuckey, 1928); similarly almandite has not been found in these rocks to 
date. 

It should be stressed that to say HO behaved as a fixed component 
during metamorphism, in no way implies the presence or absence of a 
free solution phase. The chemical activity of H.O, for example, might be 
controlled by the buffering assemblage kaolinite-pyrophyllite-quartz, 
which being bivariant in the ternary system, possesses a unique value of 
the chemical activity of H,O at given temperatures and pressures. On the 
other hand, if H,O and also other components in the fluid phase behaved 
as fixed components, then, according to Gibbs’ Phase Rule, a solution 
phase could have been present, although it certainly did not circulate 
freely through the system to destroy the buffering mineral assemblages. 
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DIFFERENTIAL THERMAL ANALYSIS OF SHATTUCKITE 


MING-SHAN Sun, New Mexico Institute of Mining and Technology, 
Socorro, New Mexico. 


ABSTRACT 


The DTA curve of shattuckite from Ajo, Arizona, is characterized by a prominent 
« endothermal peak with a false peak temperature at 774° C., and a smal! exothermal peak 
with a peak temperature of 980° C. Within the dehydration temperature range, shattuckite 
iis decomposed gradually into cryptocrystalline tenorite, some cryptocrystalline a-quartz, 
. and an unknown phase. The exothermal reaction is caused by the crystallization of a-cristo- 
| balite. All phases are identified by the a-ray powder diffraction. 

Crystallization of tenorite begins at 675° C. and ends at 780° C. This is a strong exo- 
{ thermal reaction. However, an exothermal peak is obliterated completely by the endother- 
tinal dehydration reaction. At the same time, the shape of the dehydration endothermal 
peak is strongly skewed, and only a false endothermal peak is recorded on the graph. Some 
( tenorite in the sample begins to decompose into cuprite at about 900° C. According to the 
(otal water content, the formula of shattuckite should be 3CuSiO;-H,O. The accepted for- 
mula, 2CuSiO3;-H20O, is incorrect, because of an erroneous interpretation of loss of weight of 
the shattuckite sample by ignition. 


INTRODUCTION 


The occurrence of hydrated copper silicate minerals in the Southwest is 

fairly common. The identity of some of these minerals, however, is rather 
doubtful. Positive identification is often difficult, because the exact 
nature of these minerals has not been well defined. Therefore, studies 
have been initiated by the writer in order to learn more about hydrated 
copper silicate minerals. This paper is the first report on such study. 
. Dark-blue radiated and spherulitic shattuckite from Ajo, Arizona, has 
been used in this study. Green ajoite, quartz, and some opal are asso- 
‘ciated intimately with the shattuckite. The irregular shattuckite spheru- 
lites are about 2 mm. in diameter; the individual fibers or acicular crystals 
rare about 2X.02 mm.; and the irregular quartz blebs or grains are about 
11.5 mm. across. Samples have been crushed and handpicked with 
}tweezers under a binocular microscope. The green ajoite and most of the 
quartz and opal may be removed from the sample. However, a small 
amount of quartz and possibly some opal, which occur between the 
‘individual shattuckite crystals, are difficult to remove. The presence of 
about 3% of quartz in the handpicked shattuckite sample is shown by an 
\x-ray powder diffraction pattern. 


DEHYDRATION OF SHATTUCKITE 


A handpicked sample of shattuckite, when heated in a cylindrical 
electric furnace to 1,000° C., loses 3.87% of its weight, 3.71'% being 
caused by loss of water and 0.16% by the decomposition of some tenorite 
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into cuprite. The amount of cuprite formed from tenorite differs in differ- 
ent samples and under different heating conditions. A minus 100 mesh 
sample was heated to 200° C., and heating was continued at this tempera- 
ture for 5 minutes. The sample was removed from the furnace, cooled ina 
desiccator, and weighed. Heating of the same sample was continued to 
300° C., 400° C., and so on. The changes of color and the loss of weight at 
various temperatures are noted in Table 1. Figure 1D shows a fairly 
smooth dehydration curve for shattuckite. 


TaBLe 1. PERCENTAGE Loss OF WEIGHT OF SHATTUCKITE UPON HEATING 


Intermediate Loss of weight, 
Remarks 
temperature per cent 
200° C. = Original pale-blue color of shattuckite 
powder below 100 mesh. (5B 6/2) 
S00 Ge = No change in color 
400° C. = No change in color 
500° C. 0.16 Slightly dull blue 
600° C. Ose Grayish blue-green 
LOOmC: 1.74 Black with greenish hue 
800° C. Bog Black (N2); maximum loss of water 
900° C. 3.87 Black; maximum loss of weight; slight- 
ly brownish black streak 
1,000° C. 3.87 Grayish black; part of the sample is 


fused 


Because the water content is 3.71 per cent, the chemical formula of 
shattuckite was first suspected to be 3CuSiO;- H2O, instead of 2CuSiOs;- 
H,O (Shaller, 1915). This will be discussed further with the chemical 
analysis. 


CHEMICAL ANALYSIS 


In order to check the chemical composition of shattuckite, about 1 gm. 
of a handpicked sample was prepared for a complete silicate analysis. The 
result of the analysis is listed in Table 2. The percentage of H.O~ was 
determined from the loss of weight of the sample when dried in an electric 
oven at 120° C. The percentage of H,O+ was determined from the loss of 
weight of the sample when ignited for 10 minutes in a covered upright 
platinum crutible, with a Meker burner. The burner temperature was 
about 1,100° C. to 1,250° C. The total loss of weight by ignition was 6.31 
per cent. Usually it is taken for granted that this total loss of weight is 
caused by the removal of H,O+ from the sample. Accordingly, the H,O+ 
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content of shattuckite would be recorded to be 6.31 per cent. Based on 
this analysis, the chemical formula of shattuckite would be calculated 
approximately as 2CuSiO;-H2O. Complete chemical analyses by Shaller 
(see page 72, Ford, 1915) shows that shattuckite contains SiO, 37.91— 
39.92%, CuO 53.20-55.51%, H2O 5.83-6.41%, and minor amounts of 
FeO, CaO, and ZnO. According to the average of these analyses, the 
molecular ratio of CuSiO; and H.O of shattuckite is 1.99 to 1. The ac- 
cepted formula 2CuSiO;: H,0, however, is erroneous, because the loss of 
weight by ignition is caused partly by the removal of H,O* and partly by 


TABLE 2. CHEMICAL ANALYSIS OF SHATTUCKITE, AJO, ARIZONA 
Analyst: Dr. H. B. Wiik, Helsinki, Finland 


Wt. per cent Molecular number Molecular ratio 

Si02 35.90 597 

TiO, 0.0 000 

Al,O3 0.79 008 Si02: CuO: HO =1.71:1.98:1 
FeO; (total Fe) 0.31 002 

CaO 0.00 .000 

CuO SS VAL 695 CuSiO;:H2.0=1.86:1 
H2,0* 6.31 350 

H,O7 (120°C.) 0.08 .000 

CO: 0.00 .000 

Total 98 . 66 


the decomposition of some CuO into Cu2,O. At high temperature, CuO 
tends to decompose into Cu,O. Cryptocrystalline cuprite was identified in 
‘some shattuckite samples fired to 900 °C. At 1,935° C., CuO will be 
decomposed into metallic copper under ordinary pressure of oxygen in the 
‘air. The entire CuO content of shattuckite may be decomposed com- 
pletely into Cu.O if the shattuckite is ignited long enough under favor- 
able conditions. Table 3 shows the loss of weight of shattuckite under 
different ignition conditions. 

In the dehydration curve (Fig. 1D), it is shown that the total water 
content of the handpicked shattuckite sample is 3.71 per cent. Loss of 
weight by ignition, in excess of this percentage, is caused by the decom- 
position of some CuO into Cu20. The theoretical maximum loss of weight 
of shattuckite caused by decomposition of CuO into Cuz0 is 5.49 per cent. 

Gaining weight upon heating is also possible. For instance, the oxida- 
tion of ferrous iron to ferric iron in stilpnomelane at about 450° C. will 
produce a gain in weight. The endothermal peak of stilpnomelane occurs 
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TABLE 3. Loss or WEIGHT OF SHATTUCKITE UNDER DIFFERENT IGNITION CONDITIONS 


Ignition condition Danent 
Sample Malcepteter Time loss of | X-ray identification 
container temperature (minutes) weight 
Upright, covered eS tom O00 nC 10 3.07 Tenorite, shattuck- 
porcelain crucibie ite 
Platinum crucible, PS IOOP toy PSPC. 10 3.90 Tenorite, a-quartz 
with access of air 
Upright, covered il MOO? roy Ih PSOE C. 10 7.73 | Tenorite, cuprite a- 
platinum crucible quartz, a-cristoba- 
lite 
Upright, covered 1 1008 to 1h 2504€: 20 8.13 Tenorite, cuprite a- 
platinum crucible quartz, a-cristoba- 
lite 
Upright, covered LS NOOe iioy Wel (Ce 30 8.47 | Cuprite, tenorite, a- 
platinum crucible | quartz, a-cristoba- 
lite 
Upright, covered 1.1007 to 1; 250° C- 40 8.73 Cuprite, tenorite, a- 
platinum crucible | quartz, a-cristoba- 
lite 
Upright, covered 1PRLOO ROME 2 SO: 50 9.07 Cuprite, a-quartz, a- 
platinum crucible cristobalite, trace 
of tenorite 
Upright, covered NS UCP to PARE (C. 60 9.07 Cuprite, a-quartz, a- 
platinum crucible (or longer) |(maximum) cristobalite, trace 
of tenorite 


at about 350° C., but may be as high as 500° C. for some samples (Nagy, 
1954). If a sample of stilpnomelane is ignited with access to air, the 
resultant loss of weight will be the loss of weight caused by the removal of 
water, minus the gain in weight caused by oxidation of ferrous iron into 
ferric iron. 

Analysts who are not aware of this may report an incorrect molecular 
ratio between water and other constituents of a hydrated substance con- 
taining CuO or FeO. 

Table 4 lists the impurities that were determined in the shattuckite 
analyzed. As indicated in the table, barium and aluminum are the chief 
minor constituents. 

According to the chemical and spectrographic analyses, 2.52% of the 
handpicked shattuckite sample consists of impurities, including mainly 
Al:O3, FexO3, and BaO. According to x-ray powder diffraction analysis, 
about 3% of the handpicked sample is quartz. Thus, only about 94.48% 
of the handpicked sample is shattuckite. Dehydration shows that the 
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Fic. 1. A. The obliterated exothermal peak of the crystallization of tenorite. B. DTA 
thermal curve of shattuckite. C. The true endothermal peak of dehydration of shattuckite. 
D. Dehydration curve of shattuckite, (the sample contains 5.52 per cent impurities.) 


handpicked sample contains 3.71% water. Thus, approximately 90.77% 
of the handpicked sample is CuSiO3. The molecular ratio of CuSiO; and 
H,O* of the handpicked sample is .650 to .206, or 3.16 to 1. Therefore, the 


‘chemical formula of shattuckite is 3CuSiO;: HO. 


TaBLeE 4. SEMI-QUANTITATIVE SPECTROGRAPHIC ANALYSIS OF 
SHATTUCKITE, AJO, ARIZONA 


Spectrographer: A. Davis Odom, Houston, Texas 


Element Per cent Element Per cent 
Cu Doe ahi 0.01 
Fe 0.03 Mo 0.02 
Si oo Na looked for, not detected 
Mn 0.06 Ba 0.9 
Gr looked for, not detected K looked for, not detected 
Vv 0.02 Sr trace 
Al ip i looked for, not detected 
B 0.005 
Mg 0.08 
Ca 0.1 S and Se are not looked for 


72 MING-SHAN SUN 


° 
TaBLe 5. X-Ray POowDER DirFRACTION DATA OF SHATTUCKITE 
CuKa= 1.54178 A 


d(A) obs I d(A) obs I d(A) obs I 
12.48 3 1.791 7 1.006 3 
9.91 aa 1.760 1 .990 2 
4.95 fi 1.730 1 .972 4 
4.43 10 1.683 <1 .949 <a} 
3.63 3 1.625 7 .943 w, b 2 
3.50 7 1.596 4 .885 b 1 
3.40 2 1.566 6 .847 1 
Snel 8 1.506 ail .823 b 2 
Silt 2 1.480 b 2 .3146 1 
2.93 4 1.435 6 .789 <i 
2.77 w, b 5 1.398 b 5 .773 b, halo 
2.69 2 {357 S 
2.596 3 1.344 3 
2.46 3 1.297 w, b 5 
2.40 4 1.239 5 
2.36 6 1-227 3 Note: 
2.30 4 1.202 5 
2.226 1 1.1816 1 b means blurred 
as 1 1.168 b 1 w means wide band 
2.09 1 1.150 <1 
2.04 1 1.118 1 
1.991 b 1 1.097 b <1 
1.931 w, b 5 1.073 4 
1.853 <ill 1.060 3 
1.821 4 1.036 3 


X-Ray PowpER DIFFRACTION DATA 


A total of 61 powder reflections of shattuckite are recorded (Table 5). 
Several faint reflections of quartz, 4.26 A, 1.54 A, and 1.375 A also appear 
on the shattuckite picture. Quartz lines of 3.34 A and 1.817 A are super- 
imposed on 3.31 A and 1.821 A lines of shattuckite, respectively. The 
three strongest lines of shattuckite are 4.95 A, 4.43 A, and 3.31 A. Some of 
the low-angle.lines of shattuckite may be mistaken for lines of ajoite. The 
mistake can be avoided by observing a strong line of ajoite (6.19 A) which 
does not appear in the shattuckite pattern, and a strong line of shat- 
tuckite (4.43 A) which does not appear ina pattern of ajoite. 
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| DIFFERENTIAL THERMAL ANALYSIS 


| The thermal curve (Fig. 1B) was traced on a Leeds and Northrup 
nicromax recorder. The heating rate is 12° C. per minute. The scale 
ctor is X20, which corresponds to 10 microvolts per division of the 
raph paper. The sample was crushed and ground to below 100 mesh, 

| In order to fit the characteristics of the thermal curve, samples were 
red to selected temperatures. The fired samples were examined under a 
vetrographic microscope, and the phases developed at different tempera- 
jures were identified by x-ray powder diffraction. 

_ Thermal curve. The thermal curve (Fig. 1B) is fairly persistent for 
jifferent samples, with slight variation in peak temperature. A minor 
iroad exothermal peak occurs at 345° C., with a peak height of 20 micro- 
‘olts. Another sample shows a peak temperature of 330° C., with a peak 
seight of 20 microvolts. The cause of this exothermal peak is not known. 
» major endothermal reaction begins at about 440° C. and increases 
jather rapidly at 660° C. This endothermal reaction is caused by dehydra- 
(on of shattuckite. A small false endothermal peak at 675° C. and a 
ninor broad false exothermal peak at 690° C. are recorded on the graph. 
» major false endothermal peak at 774° C., with a peak height of 210 
nicrovolts, is the most prominent peak of the thermal curve. This endo- 
ermal dehydration is greatly affected by an exothermal reaction of the 
rystallization of tenorite. Therefore, the true endothermal peak of 
»ehydration does not show on the graph, whereas two minor and one 
rominent false peaks are recorded on the graph. A sharp exothermal 
ra (Fig. 1A) is obliterated completely by the endothermal dehydration 
eaction. At about 850° C. the thermal curve begins to show a weak and 
radual endothermal reaction. A small and fairly sharp exothermal peak 
‘eeurs at 980° C. The thermal curve was discontinued at about 995° C. It 
eems that the exothermal peak at 980° C. is followed closely by a strong 
indothermal peak beyond 995° C. This has not been verified experimen- 
hlly because of the limitations of the DTA equipment used. 

The obliterated exothermal peak. Because the major false endothermal 
‘eak is conspicuously skewed toward the high-temperature end of the 
nermal curve, an interfering exothermal reaction is suspected. The 
jange of phase of shattuckite upon heating is fairly analogous to that of 
arysocolla. (The nature of selected chrysocolla samples will be discussed 
1 another paper.) From an illustration of this analogy, the obliterated 
«othermal peak of shattuckite will be evident. 

(A) Chrysocolla (Tyrone, New Mexico). The DTA curve of a chryso- 
blla sample from Tyrone, N. Mex., derived under the same condition as 
ae shattuckite sample, consists of (1) an endothermal peak at 154° C.; 
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. 
peak height 760 microvolts; peak range 60 to 216° C., (2) an exothermal - 
peak at 705° C.; peak Reitit 440 microvolts; peak range 685 to 730° C 
(3) an ONS peak at 950° C.; peak height 130 microvolts; pedi 
range 920 to 980° C. A similar DTA curve of chrysocolla was pub- 
lished by Kauffman and Dilling (1950). When fired to 500° C., all the 
constituents of the sample become amorphous, as shown by an a-ray 
powder diffraction pattern. When heated to 685° C., the beginning of 7 
exothermal reaction, the sample becomes dull olive green, and two faint — 
and blurred tenorite powder lines appear at about 2.32 A and 2.52 A in 
the x-ray diffraction pattern. There is also a broad halo at 4.5 Ato 5.5 Al 
This halo indicates an incipient crystallization of silica, as in the case of | 
some opal. When fired to the exothermal peak temperature of 705° C., 
cryptocrystalline tenorite, some cryptocrystalline a-quartz, and an un- 
known phase appear in the sample. When fired to 730° C., the end of the 
sharp exothermal peak, crystalline tenorite, some a-quartz, and an 
unknown phase appear in the sample. The exothermal reaction of chryso- 
colla is caused by the crystallization of tenorite from amorphous CuO, 
The exothermal peak of chrysocolla is distinctive and without distortion, 
because there is no endothermal or other thermal reaction at about 
400%C. 

(B) Shattuckite (Ajo, Arizona). When fired to 500° C., the sample 
changes from pale blue to grayish, bluish, green. The fired sample shows a 
clear x-ray powder diffraction pattern of shattuckite. When fired to 690% 
C., the sample becomes greenish black. The clear shattuckite x-ray 
powder diffraction pattern seems unchanged. Two faint, yet discernible, 
bands of tenorite appear at about 2.40 A to.2 .30 A, and 2.59 A to 2.46 A 
There is also a faint broad band at 4 A to 5 A. A sample fired to 705° C., 
the exothermal peak temperature of chrysocolla, shows that the shat 
tuckite x-ray powder diffraction pattern has begun to fade away. Two- 
faint tenorite bands and the faint broad band at 4 A to 5 A remain the 
same as those of the sample fired to 690° C. A sample fired to 715° C 
shows that many shattuckite powder lines disappear. Tenorite powder 
lines at about 2.32 A and 2.52 A become darker, but no other tenorite | 
powder lines appear. A sample fired to 740° C. shows a complete disap- 
pearance of crystalline shattuckite. Several blurred tenorite powder lines” 
appear; also, a few faint powder lines of an unknown phase appear. A 
sample fired to 780° C. contains cryptocrystalline tenorite, some crypto- 
crystalline a-quartz, and an unknown phase. The halo at 4 A to 5 A be-, 
comes dark; also, a halo at 14 A appears. The strong endothermal reac- 
tion of shattuckite ends at 800° C. A sample fired to 800° C. shows fairly) 
sharp x-ray powder diffraction lines of tenorite, as well as some powder. 
lines of alpha-quartz and an unknown phase. 


| 
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Because the crystallization of tenorite in fired samples of shattuckite is 

inalogous to the crystallization of tenorite in fired samples of chrysocolla, 
ihe existence of a strong exothermal reaction in the DTA of shattuckite 
becomes evident. 
_ (C) Range and peak temperature of the obliterated exothermal peak. 
Che range of the exothermal peak is 675 to 780° C., and the peak tem- 
perature is estimated to be 725° C. The small false peak at 675° C. indi- 
fates the beginning of the exothermal reaction. The exothermal peak 
ange of chrysocolla is narrow, from 685 to 730° C. All of the CuO content 
hf chrysocolla is amorphous when the sample is heated to 500° C. Only a 
aarrow temperature range is required for the amorphous CuO to change 
mto tenorite; on the other hand, a wide temperature range is necessary 
rom 675° C. to about 780° C. for the CuO to shake itself loose gradually 
rom the shattuckite structure. Therefore, the crystallization of tenorite 
5 also a gradual process over this wide temperature range. The estimated 
rbliterated exothermal peak of shattuckite is shown in Fig. 1A. The 
rinor broad exothermal peak at 690° C. may be considered as a re- 
nainder of the obliterated true exothermal peak. 

The true endothermal peak temperature. By projecting from the false 
ndothermal peaks, one at 675° C. and the other at 774° C., the true 
adothermal peak temperature is estimated to be 740° C. Figure 1C 
hows the true endothermal peak. According to the dehydration curve, 
hattuckite loses 65% of its total water content by dehydration at 740° 
*. The loss of water at a dehydration endothermal peak temperature 
‘aries a great deal for different minerals. For instance, a goethite sample 
rom Socorro, New Mexico, loses 87.6% of its water at its dehydration 
ndothermal peak temperature of 395° C. A gypsum sample from Lake 
sucero, New Mexico, loses 75% at its first endothermal peak tempera- 
ure of 180° C., and loses all of its water at the second endothermal peak 
emperature of 215° C. A chrysocolla sample from Tyrone, New Mexico, 
»ses 66.6% of its water at its dehydration endothermal peak temperature 
f 154° C. If the dehydration endothermal peak is strong and its range Is 
arrow, the percentage of loss of water at the endothermal peak tempera- 
ure is large; on the other hand, the percentage is small if the peak range 
s broad. Because shattuckite has a wide true endothermal peak range, the 
stimation of 65% loss of its water content at its endothermal peak tem- 
erature is reasonable. As interpolated from the dehydration curve, the 
ss of 65% of water occurs at 740° C. Therefore, the true endothermal 
eak temperature of dehydration is estimated to be 740° Ce 

The exothermal peak at 980° C. A sample fired to 950 . ©; cova 
norite, cryptocrystalline cuprite, and some crypocrystalline eae 
1e unknown phase that occurs in a sample fired to 800° C. disappears. 


76 MING-SHAN SUN 


sample fired to 1,000° C. contains tenorite, cuprite, a-quartz, and 
a-cristobalite. One fired sample shows that the powder line 4.07 A of 
a-cristobalite is darker than the powder line 4.29 A of a-quartz, whereas 
the powder line 2.47 A of cuprite is twice as dark as the powder line 2.54 
A of tenorite. The reverse is shown by another sample. Both samples were 
fired separately in the same cylindrical electric furnace. Thus, it appears 
that the decomposition of tenorite into cuprite may be accelerated b 
the crystallization of a-cristobalite, or vice versa. 

The crystallization of a-cristobalite is an exothermal reaction. Alpha 
cristobalite is formed in some clays fired to 1,000° C., such as montmoril- 
lonite from Chambers, Arizona (Bradley and Grim, 1951). The crystal 
lization of a-cristobalite is usually indicated by a small but sharp 
exothermal peak at about 950° C. to 1,000° C. It seems likely that the 
exothermal peak at 980° C. in the DTA curve of shattuckite is caused by 
the crystallization of a-cristobalite. 

Decomposition of tenorite into cuprite. The thermal curve begins to show 
a weak and gradual endothermal reaction at about 850° C. A sample 
fired to 900° C. contains a small amount of cryptocrystalline cuprite. The 
decomposition of tenorite into cuprite is a strong endothermal reaction 
The weak and gradual endothermal reaction beginning at 850° C. repre 
sents only a gradual decomposition of a small amount of tenorite into 
cuprite. This decomposition increases rather vigorously above 995° C., 
the maximum temperature of the DTA. The thermal curve appears te 
show that the exothermal peak at 980° C. is followed closely by a strong 
endothermal reaction above 995° C. Heating was continued at 995° C. for 
a few minutes, and the thermal curve continued to show a strong endo 
thermal reaction. Generally speaking, high temperature and low partia 
pressure of oxygen in the furnace will favor the decomposition of tenorité 
into cuprite. 

The unknown phase. The unknown phase in shattuckite fired to 800° C. 
mentioned previously is represented by the following powder lines: 6.81 A 
(2), 6.21 A (2), 4.70 A (3), 2.68 A (1.5). The intensity of the tenorite pow- 
der line 2.53 A is (10). These are not powder lines of paramelaconité 
(CusO-6CuO); possibly they represent a copper silicate of some sort. 
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LATTICE EXPANSION OF KAOLIN MINERALS BY 
TREATMENT WITH POTASSIUM ACETATE 


Kojt Wana, Faculty of Agriculture, Kyushu 
University, Fukuoka, Japan.* 


ABSTRACT 


Grinding with K-acetate (KC.H;02) caused a lattice expansion to 14 A not only for 
halloysite but good kaolinite, while the formation of the same complex by drying from a 
KC.H;0, solution was only observable for halloysite, hydrated or dehydrated without heat 
Heating the 14 A complex at 100° C. caused a collapse to 11.4 A by dehydration. No com 
parable result was obtained for kaolinite by grinding with the other NH, and K salts which 
were effective in the formation of the halloysite complex. Also, no complex of KC:H;0 
formed with some clay minerals, such as pvrophyllite, talc, antigorite, chrysotile, and 
chlorites. 

The 14 A complexes of kaolin minerals were subjected to washing with water and air 
drying at R.H. 65%. The resulting spacings were 7 A with good kaolinites, and 10 A with 
halloysites, even if they had once dehydrated either with or without heat. The observed 
difference was interpreted in terms of the regularity in the arrangement of the structura 
layers affecting the orientation of interlayer water molecules. 


INTRODUCTION 


Generally it has been considered that the dehydration of halloysite is 
not reversible and the hydrated form ordinarily can not be formed again 
This sometimes presents a problem in identification of 7 A minerals in 
clays, and particularly in soil clays. MacEwan (1946, 1948) found that 
halloysite dehydrated without heat will combine with ethylene glycol 
and when the product is treated with water, hydrated halloysite is re 
generated. The usefulness of this method, however, is also restricted by 
the fact that not all forms of halloysite respond to this ethylene glycol 
treatment. , 

Earlier studies (Wada, 1958, 1959, Garrett and Walker, 1959) show 
that salt-halloysite complexes are obtained from the hydrated form o 
halloysite by drying from solutions, or by grinding with crystals of ce 
tain K, Rb, NH4, and Cs salts. The complex-forming ability of some 0 
these salts is suggested to be greater than that of the organic reagent 
Formation of the salt complexes and regeneration of hydrated halloysite 
might be utilized as a criterion for differentiation of halloysite from 
kaolinite. The above consideration has led to the present study on the 
formation of the salt complex with halloysites which differ in the degree ol 
hydration, and further with some kaolin clays. 


EXPERIMENTAL 
KC2H;02, NHiCl, and HN,NOs were first selected as the complex 
* Present address: Department of Soils, University of Wisconsin, Madison, Wisconsin 
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ming salts in view of their greater ability in the complex formation in 
parison with other NH, and K salts. Basal spacings characteristic to 
h salt complex of halloysite are 14.3, 10.5, and 11.6 A, respectively. 
“he following procedures were adopted for the preparation of the salt 
aplexes. 


Drying from solutions of com plex-forming salts 


\n aqueous solution containing an appropriate amount of a salt was 
(ed and allowed to dry on the thin layer of a clay (—2u) formed ona 
ss plate by sedimentation. In the case of halloysite, maximum intensi- 
of the basal reflections of the salt complex were obtained when it was 
ited with 3 to 4 m.mols of the salt per gm. of clay. 


| 
Dry or wet grinding with salts 


Jne gm. of clay (—150 mesh) was ground in an agate mortar, either 
bhanically or manually, with 5 to 10 m.mols of the salt. The time 
essary for complete formation of the complex varies with the method 
(rinding, manual or mechanical, dry or wet, and the kind of the min- 
-s and salts. The wet grinding was made in the presence of water just 
‘ting the clay-salt mixture. The dry or mechanical grinding was 3 to 5 
es as effective as the wet or manual grinding respectively, but caused 
siderable destruction of the crystal structure. Standing overnight (or 
zer) after a brief grinding has been found to be as effective in com- 
‘-e.complex formation as longer grinding, with less destructive effect. 
drew, Jackson and Wada, 1960.) 


RESULTS AND DISCUSSION 

Loysite 

. thin layer of hydrated halloysite from Yoake, Oita, Japan (Aomine 

Higashi, 1956) was dried over concentrated H»SO, for two weeks. It 
ibined completely with KC2H;O2, but only partly with NH,Cl and 
4NO3 by drying from the respective salt solutions (Fig. 1). Although 
cEwan (1946, 1948) stated that halloysite gently dried without heat 
bined completely, or almost completely with ethylene glycol, most 
- remained unaffected in this experiment. A halloysite from Bedford, 
iana, (API reference specimen), which was partly dehydrated as 
ived, responded to the KC2H;O2 treatment, and the hydrated hal- 
ite was readily regenerated from the KC,H;02 complex by treating 
1 water (Fig. 2). A similar result was obtained with a halloysite from 
eka, Utah. 
ince the result proved that KC2:H302 was most effective to reopen the 
ly closed interlayer spaces, this treatment was tried with halloysite 
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7.56A 


Halloysite over 
conc. H,SO0, 


KCH;COO i4.3A 


Fic. 1. Effect of pre-drying over conc. H2:SO, on the complex for- 
mation of the Yoake halloysite. 


dehydrated by heating. The Yoake halloysite heated at 100° C. was only 
partly susceptible, namely, about 80 to 85% remained unaffected, whil 
that heated at 300° C. was almost completely resistant, 

After several attempts, grinding with KC:H302 was found to be mos 
effective for formation of the complex with the halloysite dehydrated b 
heating (Fig. 3). The time necessary for complete formation of the com 
plex increases with the degree of dehydration, for example, 10 to 4 
minutes by the mechanical grinding in the wet state. The amount neces: 
sary to obtain the well-developed complex was slightly greater (5 to 
m.mols/g.) than that in the former drying up treatment. Treating th 
complex with water, the hydrated form was regenerated (Fig. 3). There: 
fore, in this sense, the dehydration of halloysite is reversible, and no 
irreversible as has been generally considered. 
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ac. 2 (left). Bedford halloysite: natural (1); treated with ethylene glycol (2); dried 
|K C.H;O2 solution (3); then, washed with water and air-dried (4). 

cc. 3 (right). Yoake halloysite: heated at 100° C. (1); ground with KCsH,O» (2); then, 
2d with 1 N NHjCl solution (3) or water (4), and dried at R.H. 65%. 


dinite 

omplex formation by drying from the KC.H3Q, solution was tried on 
ty kaolinite from Macon, Georgia (API reference specimen), but no 
plex formed. Further, it was subjected to the dry grinding with 
302. Contrary to expectation, very strong and sharp reflections 
eared at 14.2, 7.1, and 3.51 A (Fig. 4), indicating that the kaolinite 
cture expanded along its c-axis as did halloysite. A comparatively 
ter amount of the salt (8 m.mols/g.) was needed to produce the well- 
‘loped complex. The time necessary for complete formation of the 
plex was longer than that needed for metahalloysite, but partial 
1ation was readily noticed after 20 minutes grinding. 

he basal reflections for the kaolinite complex were about eight times 
rong as those for the corresponding halloysite complex. This might be 
‘preted in terms of the higher regularity of the layer stacking and the 
ter number of the structural layers in the kaolinite complex. Further- 
», smoothing the surface of the specimen packed in the sample holder 
ray analysis may produce strong orientation of the platy crystallites 
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Fic. 4 (left). Georgia kaolinite: natural (1); ground with KC2H;O:, (2); then, washe 
with 1 W NH,Cl solution (3) or water (4), and dried at R.H. 65%. 
Fic. 5 (right). Georgia kaolinite: ground with KC:H;O2 (1); then, heated at 100° € 
(2); and allowed to stand in the laboratory air for 1 hour (3). 


in the sticky mass of the clay and KC2H3Okz, resulting in enhancemen 
of the basal reflections. 

An x-ray analysis was made on the clay obtained from the kaolinit 
complex by washing with water and air-drying. A broad peak appears 4 
about 7 A instead of 10 A (Fig. 4), suggesting that there is some diffe 
ence between kaolinite and halloysite in the stability with which wate 
molecules orient between the kaolin layers. The two triplets of the orig 
nal kaolinite with spacings, 2.56, 2.53, 2.50 and 2.38, 2.34, 2.29 A, wet 
replaced by a doublet (2.56 and 2.50 A.) and a broader reflection at 2.3 
A. Also, a two dimensional diffraction effect appeared on the reflection 
corresponding to the (020) to (002) reflections of the original kaolinite, 
The finding indicates that the reversible penetration of KC.H3O, ha 
caused a considerable modification on the disposition of kaolin layers, bu 
it still has some distinctive structural features. These are comparable fe 
those found for “fireclay” (Brindley and Robinson, 1946, 1947) and 
kaolinite ground in a ball mill for 4 to 10 weeks (Dragsdorf ef al., 1951 
suggesting the presence of the structural layers being randomly displaced 
by multiples of 6)/3 along the b-axis. 


LATTICE EXPANSION OF KAOLIN MINERALS 83 


Fic. 6. A cross section of the 14 A complex, showing a probable 
position of K*, C2.H;02-, and H20. 


om the foregoing, a mechanical disruption of the kaolinite structure 
at of halloysite may be ruled out as a probable cause of the observed 
“e expansion. It is certainly true that, in the absence of KC2H3;Osz, the 
nite structure would be considerably disrupted by only 30 minutes of 
trinding (Fig. 7). In its presence, however, the kaolinite structure 
be more stable probably owing to the lubricating action of interlayer 
r molecules, as will be shown later. Therefore, the observed expan- 
to 14 A by positive penetration of KC2H;O2 can be considered as a 
atial characteristic of kaolinite, and consequently, common to all the 
bers of the halloysite-kaolinite series.* 
ve effect of heating at 100° C. on the KC2H;02 complex is interesting 
ew of the configuration of the interlayer material and the preference 
_C.H;O» in the reaction. The heating caused a collapse of the com- 
to 11.4A (Fig. 5). The reflections due to the excess salt appeared at 
4.44, 3.55, and 3.21 A. The decrease in the basal spacing and the 
ness of its restoration by allowing the heated complex to stand in the 
atory air indicates the presence of a monomolecular layer of water 
her with that of KC.H;O,. The cation size was found to be of pri- 
‘importance in the reaction in relation to the size of the cavity in the 
heet (Wada, 1958, 1959), so KC2H30: and water molecules probably 
riented in a configuration, such as that illustrated in Fig. 6, in which 
ts in the cavity of the oxygen hexagon and the clearance space is 
t equal to the sum of the CH; and H20O van der Waals radii. 
ich longer grinding of the Georgia kaolinite with NH,ClI resulted in 
pearance of a diffuse reflection at about 10 A. The effect of mechani- 
estruction was found to be greater as illustrated by some of the 


recent study (Andrew, Jackson and Wada, 1960) has shown that dickite is also ex- 
ole upon grinding with KC;H;Oy. 
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rather diffuse and generally weakened (/k/) reflections. The partial 
formation of the hydrated form from the complex by washing with wate 
may be related to this. Since the well-developed NHsCl complex can 
readily be obtained by washing the KC:H;O2 complex with an NHC 
solution (Fig. 4), the result seems to indicate difficulty in the penetratio 
into the Teotiite structure, and not the unstable nature of the resulting 
configuration. 

The dry grinding was also tried with the following salts; NHiNOg 
(N Ha) oHPOu,, (N Hg) 2SOa, K.HPOs,, NHz- formate, NHz- acetate, and 
(NHy,)o-citrate. These were effective in the formation of the halloysite 
complex (Wada, 1959), but none was comparable to KC2H30, in the 
penetration into the kaolinite structure. ; 

The reason of this preferential penetration is as yet not clear. The 
presence of interlayer water molecules owing to its strong deliquescemg 
nature might have an effect in the penetration as a lubricant and/or asa 
stabilizing agent in the complex formation. Lubricating action of inter 
layer water was also assumed by Mackenzie and Milne (1953) in the 
explanation of the relative stability of vermiculite to grinding in coms 
parison with muscovite. However, it alone could not account for th 
observed preference, because the deliquescent salts, NHyC:H;O, and 
K:HPOs, fail to form the complex upon dry grinding. 


RELATIONSHIPS OF COMPLEX FORMATION 
TO CLAY STRUCTURE 


In view of a common peculiarity of their crystal structures, salt 
complex formation was previously tried with montmorillonites as well as 
with halloysite (Wada, 1959), but no complex was found. The differenet 
between both the minerals was ascribed to the differences in the densif] 
of the interlayer charge and in the atomic configuration of the ne 
surface. 

Further, in this study, dry grinding with KC:H3QO, was tried with the 
following metals 


1. Pyrophyllites from Fukue, Nagasaki and Mitsuishi, Okayama. 
Tale from Sasaguri, Fukuoka. 

Antigorite from Sasaguri, Fukuoka (Table 1). 

Chrysotile from Kashii, Fukuoka (Table 1). | 
Chlorites from Sanno, Fukuoka, and Okushi, Nagasaki (Shirozu 
1958). 


Mm & Ww bo 


There is no indication of the lattice expansion with these minerals 
Pyrophyllite and tale were used in view of the absence of the interlaye 
charge and the difference in the atomic configuration at the interlayel 
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ce. The fact that no complex formation occurred with these minerals 
d be attributed to their atomic configuration of the interlayer sur- 
namely, the oxygen and oxygen sheets in these minerals instead of 
oxygen and hydroxyl sheets in the kaolin minerals. It is also evident 
the absence of the interlayer charge may contribute, but it alone can 
le the penetration and orientation of the salt molecule. 
Leen their structural similarity, a sharp difference in the com- 
formation between the kaolin and serpentine minerals is particularly 


TaBLE 1. THe EFrrect oF Dry GRINDING ON THE X-Ray DIFFRACTION 
PATTERNS OF CHRYSOTILE AND ANTIGORITE 


L 
ro 
| 
] 


Chrysotile (Kashii) Antigorite (Sasaguri) 

After 2.5 hrs. =e After 2.5 hrs. 

ere grinding ontite Before grinding Panne 

| 

| 

AY I d(A) i d(A) I d(A) I 

25 56 es 38 7.20 200 7.20 35 

53 18 4.54 14 

G4 41 3.63 26 3.60 184 3.60 22 

62 10 2.61 8 

50 ot 2.50 20 DV) 42 Dao, 23 

43 18 2.44 12 PAL ~~ 14 2.41 3 

33 15 2233 7 PANG 10 2.16 BS) 

TS 3 BAS 10 

D6 5 1.81 8 

53 20 LOS 12 1.56 8 il SY 4 
1.54 8 1.54 4 


1e samples were mounted by packing into the hollow of the A1-holder and smoothing 
face. Intensities were measured from the peak height on the automatic recording 


esting. So far as the 1:1 layer structure is assumed, there seems no 
ficant difference in the strength of the interlayer bonds between both 
jinerals. The effect of cation substitution is practically negligible in 
sonnection. On the other hand, the configuration of the oxygen and 
oxyl layers are different as seen in their 0) parameters 8.93 and 9.24 
kaolinite and antigorite respectively, and this might affect the 
lity of the resulting complex. It seemed still questionable, however, 
the striking difference in the complex formation could be ascribed to 
a rather small difference. 

relation to this, the result of grinding of these mineral samples alone 
d be noted (Fig. 7). Under comparable conditions (dry, mechanical), 
001) reflections of the kaolinite, talc, and pyrophyllite markedly 
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reduced their intensities in the first 30 minutes. At the end of 2 hour: 
they completely collapsed with disappearance (kaolinite) or marke 
blurring (talc and pyrophyllite) of all the (/k/) reflections. In the mear 
while, the chrysotile showed little change in the sharpness and intensit 
of its (001) reflection, and contrary to what expected from its hypothe 
sized tubular structure, was reasonably stable to grinding (the Yoak 
halloysite completely collapsed within 1 hour). In the case of antigorite, 
marked degradation was observed at first, but the (00/) reflection max 


20 
© Kaolinite 
¢ Pyrophyllite 
x Talc 
= Antigorite 
is} 5 Chrysotile 


(OO!) 


” 
a 


TIME (hrs.) 


Vic. 7. Effect of dry grinding on the (001) intensities of kaolinite (Georgia), pyrophyl! 
(Fukue), tale (Sasaguri), antigorite (Sasaguri), and chrysotile (Kashii). 


ima remained more resistant on further grinding in comparison with t 
other platy materials. The coincidence of the (001) intensities of both t 
minerals after prolonged grinding may be meaningful, although there 
no comparable agreement in other reflections (Table 1). These resul 
seem to indicate the presence of some fundamental fiber-crystallites 
these minerals, such as that suggested by Pundsack (1956) on the basis 
the density measurement for massive chrysotiles. 

At any rate, it seems apparent that both the serpentine minerals rea 
to grinding differently from the kaolin minerals, and this would be 
cause for the inhibition of the formation of a salt complex. There may 
some significant differences in their crystalline arrangement and theref 
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e strength of the interlayer bonds, although this seems difficult to 
rstand on the basis of the structural and morphological analogy 
een the kaolin and serpentine minerals (e.g. Bates, 1959). 

1e absence of the chlorite complex could be used in determination of 
n minerals in the presence of chlorite minerals. Unfortunately, the 
reflections of the KC.H;0, complex of the kaolin minerals are close 
e corresponding spacings of the chlorites, but the shift of 14 A reflec- 
to 10 or 11 A is easily seen by forming the NH,Cl or NH,NO; com- 


STABILITY OF WATER COMPLEX 


¢ foregoing data suggest that the stability of the water complex 
ed from the KC.H;O2 complex closely relates to its source minerals; 
reorgia kaolinite forms only a very unstable water coinplex, while the 
e halloysite, even after it has been heated, readily regenerates its 
ated form. If it is generally correct, the difference in the stability of 
vater complex would aid in differentiation of 7 A minerals in clay 
rials, and provide useful informations on their genesis. 
e proposed method is the following. Clay samples are subjected to 
‘rinding with KC:;H;O»2. The resulting complexes are washed twice 
water (water complex) ora 1 N NH,Cl solution (NH,Cl complex) by 
entrifuge technique, spread on a glass plate, allowed to stand ina 
ator at R.H. 65%, and x-rayed. 
her the kaolinite or halloysite forms its NH,Cl complex (Figs. 3 and 
at permits a check of the formation of the complex with KC.H30O.. 
\while, the stability of the water complex is much different for the 
‘als; no complex formed with well-crystallized kaolinites, such as 
from Macon, Georgia (Fig. 4); Mesa Alta, New Mexico; and Ibuski, 
shima, Japan. Even a transient formation of their fully-hydrated 
could hardly be followed by x-ray analysis made while the clays 
kept moistened. On the other hand, several natural hydrated and 
illy dehydrated halloysites (formed either by weathering of volcanic 
or by hydrothermal action) gave water complexes which were stable 
H. 65%, even after they had been dehydrated by heating (Figs 3): 
> observed difference in the stability of the water complex derived 
the KC.H;0, complex seems to reflect the difference in the arrange- 
of their structural layers that is inherited from the original minerals 
probably associated with environmental conditions of their forma- 
Random displacements of successive kaolin layers along both b- and 
;in halloysite may favor relatively stable orientation of water mole- 
‘whereas the higher degree of regularity, such as that found for the 
ymplex derived from kaolinite may not. It suggests that the inter- 
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layer water molecules of halloysite are in a regular crystalline array the 
is related in some way to the clay structure, but not in the state of tw 
dimensional liquid. 

Of all the specimens examined, the Spruce Pine kaolin (API referenc 
specimen) is interesting in showing an intermediate character betwee 
kaolinite and halloysite, and in suggesting a possible transition from th 
poorly crystalline halloysite to the well-ordered kaolinite. Electro 
microscopic studies of this material revealed a predominance of tubule 


sie 
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Fic. 8. Spruce Pine kaolin: natural (1); ground with KC2H3O: (2); then, washed with 
NH,Cl solution (3) or water (4), and dried at R.H. 65%. 


crystals (Davis et? al., 1950; Sand and Ormsby, 1954; Taggart et al., 195; 
Further, the electron diffraction studies made by Honjo and his colla 
rators (1954) showed that these tubular crystals have a regular struct 
different either from that of halloysite, or of kaolinite. The x-ray diffr 
tion pattern shows a rather sharp (001) reflection at 7.20 A, and 
triplets with spacings at 2.56, 2.53, 2.50 and 2.38, 2.34, 2.29 A are faii 
well-separated. These x-ray characteristics are also indicative of a hig] 
degree of crystallinity than that commonly attributed to halloysite | 
erals. 

Partial formation of the water complex was observed by washing 
KC.H302 complex with water (Fig. 8), while only 15 to 20% of this 
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ial (—2u) and even less of that included in the coarser fraction (—150 
sh) formed the complex by drying from the KCsH0, solution. 
Sand (1956) analyzed the material believed to be of the same origin 
- kept in moist conditions and gave the ratio of hydrated halloysite: kao- 
te as approximately 7.5—6.9:1.0-2.1. In this district, all halloysites 
re found in the hydrated form, and not its dehydrated form. He inter- 
ted his data to indicate that environmental conditions in weathering 
eldspathic rocks that are conducive to the formation of the hydrated 
loysite, have not changed appreciably since Tertiary time. On the 
er hand, he noted that the Spruce Pine halloysite dehydrates much 
re rapidly than the compact hydrothermal hydrated halloysite (per- 
al communication). A similar observation was also made by Kerr, 
lp, and Hamilton (1950). 
“hese data are interesting in indicating the presence of a particular 
‘lin mineral that is derived from its hydrated form but exhibits rather 
h degree of regularity in the stacking of the structural layers. As has 
» well-known, environmental conditions, such as humidity, tempera- 
», and pressure cause the dehydration of halloysite (Brindley and 
odyear, 1948; Brindley, Robinson, and Goodyear, 1948). In view of 
‘present results, it seems very probable that the dehydration of halloy- 
is also a function of its crystallinity, and the ready and irreversible 
ydration of the Spruce Pine material might be interpreted as due toa 
x period of crystallization time. 


CONCLUSION 


ormation of the interlayer complex resulting in lattice expansion to 
A. by grinding with KC.H;O. can be considered as a potential char- 
itistic common to all the minerals of the kaolinite-halloysite series, 
not to serpentine minerals, 2:1 and 2:2 type minerals, either with or 
aout interlayer charge. So far as tested, no well developed complex 
as with other NH, and K salts, although the reason for this prefer- 
: for KC.H;0, is as yet not known. Contraction of the 14 A complex 
1.4 A by heating indicates the presence of a monomolecular layer of 
sr together with that of KC.H3O». 
he water complexes of kaolin minerals could be obtained from each 
. complex by washing with water, and their stability has a relation- 
to the degree of randomness of the stacking of the structural layers. 
water complexes derived from good kaolinites are far less stable, 
e those from poorly crystalline halloysites are stable, even if they 
» once dehydrated with or without heating. Differentiation between 
’e two types of 7 A minerals on this basis could be of considerable 
{ficance in studying kaolin minerals in clays and soil clays. 
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SOME OBSERVATIONS ON “IDDINGSITE” 


P. Gay anp R. W. LeMarrtre,* Department of Mineralogy 
and Petrology, University of Cambridge, Cambridge, 
England. 


ABSTRACT 


7 

Specimens of “iddingsite” for many localities have been examined by x-ray, chemical, 

and optical methods in a study of the alteration of olivine to “‘iddingsite.” This proves to 
be a continuous transformation, and although at any stage it is possible to recognize em- 

bryonic structures, the pseudomorph is throughout a disordered atomic arrangement, andl 
at no stage can it be assigned a definite structure or chemical composition or be regarded as 
a simple submicroscopic mineral intergrowth. The mechanism of the alteration appears to 
be one of cationic diffusion and replacement, the anion framework suffering little change; 
the presence of a high proportion of mobile hydrogen ions is probably an important factor. 

Some speculations are offered regarding the physical and chemical conditions under which | 

alteration takes place. 


INTRODUCTION 


The name “‘iddingsite’’ was proposed by Lawson (1893) for certain 
phenocrysts occurring in the eruptive, basaltic rocks of Carmelo Bay, 
California. In thin section they were described as ranging in color from 
deep chestnut-brown to citron-yellow and occasionally clear yellowish- 
green, with marked pleochroism in sections transverse to the cleavage; 
in hand specimen “‘iddingsite”’ is described as soft but brittle, with a very 
well developed cleavage. Lawson was not convinced that the phenocrysts 
had altered from olivine, as he thought that the absence of residual 
olivine, and the presence of appreciable amounts of lime and soda were 
difficult to explain on the basis of alteration. Ross and Shannon (1925) in 
a detailed study give optical data for a considerable number of specimens 
and several chemical analyses; they deduce the formula of ‘‘iddingsite? 
to be MgO: FesO3-3Si02-4H20 with MgO replaced by CaO in the ratié 
CaO: MgO= 1:4. They also point out that “iddingsite” is confined almos 
entirely to extrusive or hypabyssal rocks and is practically absent from 
deep-seated rocks. They conclude that “iddingsite is most probably a 
deuteric mineral formed in the presence of heat, water and gases after 
the magma has reached a horizon near enough the surface to give oxidiz 
ing conditions.” Later Edwards (1938) described three lines of evidence 
that “iddingsite” formed during consolidation of the magma. Firstly, 
rims of augite commonly surround “‘iddingsitized’” olivine crystals 
secondly, zones of fresh olivine can be seen enclosing embayed and “id= 
dingsitized” olivine phenocrysts; and finally, a boulder from a “bouldel 
tuff,” Victoria, Australia, contained fresh olivine in the tachylitic outel 


* Now at Department of Geology, King’s College, University of London. 
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ve, and an “‘iddingsitized”’ olivine in the crystalline core. Unlike Ross 
1 Shannon, Edwards does not consider that the formation of “idding- 
” is dependent on the original composition of the olivine. He con- 
des that the formation of “‘iddingsite” is a process of oxidation and 
dration and that the magma should not only be rich in water vapor, 
t should also have differentiated to give an iron-rich liquid. 

Che first x-ray data on “iddingsite” were published by Ming-Shan Sun 
57). Using powder methods only, he concluded that “\ddingsite”’ con- 
ed of cryptocrystalline goethite and amorphous material and gives a 
v chemical analysis and optical data. With regard to the conditions of 
mation, he states that “the alteration of olivine to iddingsite occurs 
st likely in a highly oxidizing solution containing HCl, at high tem- 
atures and under high pressure.”’ Further x-ray powder data on the 
eration of olivine are given by Wilshire (1958). Unfortunately he does 
_ clearly distinguish the various types of alteration. He concludes that 
dingsite” consists mainly of “mixed layer smectite-chlorite with a 
‘tety of accessory minerals’’; among the accessory minerals are feldspar, 
artz and calcite which strongly suggest that the material was con- 
ninated. Recently Brown and Stephen (1959) have presented struc- 
al observations on an “‘iddingsite”’ from New South Wales, Australia, 
mined by single-crystal x-ray methods. Their results are in good agree- 
nt with those for some specimens examined during the present study, 
i will be referred to in more detail at the appropriate point. Smith 
59) has recently described the single crystal examination of pseudo- 
rphs after olivine in the Markle basalt. 

The object of the present study was to obtain more information on the 
xetural arrangements in ‘‘iddingsites,” so as to examine the process of 
ration and to attempt to define the conditions under which “‘idding- 
zation” takes place. To do this, a large number of specimens of “id- 
gsite” were examined from many different localities by single-crystal 
vy methods; chemical analyses, together with the optical properties, 
-e obtained for several of the specimens. The results are now pre- 
ted in this paper. 


DESCRIPTION OF SPECIMENS 


‘he selection of specimens of “iddingsite’”’ for examination is difficult 
ng to the complexity of the possible alterations of olivine e.g. to ser- 
tine, bowlingite and “iddingsite,” and to the uncertainty of the exact 
sical and chemical conditions required for these alterations. Further 
optical characterization of ‘‘iddingsite’”’ is not well defined. The 
simens available from many different localities were divided into two 
ips. In the first group, the “‘iddingsites” conformed to the following 
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conditions:—(a) they were optically homogeneous in ‘plane polarized 
light, and crystalline; (b) they ranged from orange-red to red-brown in 
thin section; (c) they were obviously pseudomorphing olivine and unac- 
companied by any other obvious alteration product of olivine and (d) 
they occurred in basic or intermediate, volcanic or hypabyssal rocks. 
Six different specimens satisfying these conditions have been examined 
in some detail; x-ray, optical and, where possible, chemical data have 
been obtained. In the second group of seven specimens, the examination 
has not been so full, and has usually only consisted of single crystal x-ray 
studies. Some of these specimens, although described as “‘iddingsite,” 
show deviations which suggest that they may not be the product of an 
identical alteration process as the others. Their relationship to specimens 
of the first group will be commented on after the results have been de- 
scribed. 

The six specimens of the first group will now be described with brief 
petrographic comments on the rocks in which they occur. 


“Tddingsite,”’ G.133 from a picrite basalt: Gough Island: 


In thin section the rock is strongly porphyritic with phenocrysts of diopsidic augite and 
olivine set in a groundmass of pyroxene, plagioclase, ilmenite, magnetite and alkali feldspar. 
The “iddingsite”’ occurs as thin shells to the otherwise perfectly fresh olivine phenocrysts. 
It is a red-brown to orange-brown in color and is only very slightly pleochroic. No new 
cleavage is developed. 


“Tddingsite,” V. 3, from a nepheline-bearing basalt: Vogelsberg, Hesse, Germany: 


In thin section (see Fig. 5), the rock is micro-porphyritic with abundant micropheno- 
crysts of euhedral to subhedral “‘iddingsitized”’ olivine, up to 1 mm. long, and a few highl 
zoned, titaniferous augites. In the smaller crystals the original olivine has been completely 
altered to an orange-brown slightly pleochroic “‘iddingsite,’’ which in plane polarized light 
appears to be perfectly homogeneous. Between crossed nicols, however, it often shows a 
patchy extinction and in places has a slightly fibrous appearance. In the larger crystals 
where there is still some olivine present in the core, the junction between olivine and 
“Gddingsite”’ is very gradational and consists of numerous, exceedingly minute hair-like 
fingers of “iddingsite” penetrating into the olivine. This border zone is usually about 0.02 
mm. wide. Closely associated with the ‘“‘iddingsitised”’ olivine are equidimensional grains 
of iron ore up to 0.2 mm. across. 

The groundmass consists of abundant, euhedral to subhedral cry aay of highly zoned 
titaniferous augite poikilitically enclosed in large clear crystals of plagioclase and nepheline. 
Iron ore is absent from the groundmass. 


“Tddingsite,” 57303, from an olivine basalt: Tahiti: 


In thin section this rock is very similar to V.3 except that the nepheline is absent and 
the plagioclase occursas laths. It isa microporphyritic rock with abundant microphenocrysts 
of “iddingsitized” olivine, up to 1 mm. across, and euhedral to skeletal iron ore, up to 0. Se 
mm. across. The “‘iddingsite”’ is identical to that described for V.3 except that the junctio 
between the olivine and the “iddingsite” is often perfectly gradational with no sign of the 
penetrating hair-like growth of the “iddingsite.” 

The groundmass consists of abundant small euhedral to subhedral crystals of titanifer 
ous augite, and basic plagioclase laths. 
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lingsite,”’ G. 50 from a trachybasalt: Gough Island: 


in thin section, the rock is porphyritic, with phenocrysts of plagioclase, “‘iddingsite” 
i titanaugite. The plagioclase is irregularly veined with an isotropic material, which is 
dably analcite, but the titanaugite is perfectly fresh. The “iddingsite” occurs as pseudo- 
hs after euhedral to subhedral olivine, although very few remnants of the original oli- 
| are present. It is an orange-brown in color, and under crossed nicols it has a rather 
thy and fibrous extinction. 

he grandmass consists of plagioclase, pyroxene, “‘iddingsite” and iron ore. 


— 


lingsite,”’ 11537, from an olivine basalt: Dunchideock, nr. Exeter, Devon: 


\ general petrographic description of this rock has been given by Tidmarsh (1932). 
‘“iddingsite” is a very rich ruby-red to orange-red color and is moderately pleochroic 
nese colors; maximum absorption occurs when the light vibrates parallel to the mica- 
scleavage, which is fairly well developed. Some of the grains are so dark as to be almost 
que, and in some of the crystals there is a central rounded core of almost opaque, 
rphous material. 


lingsite,’’ FEAE No. 124 froma pyroxene trachyte, Mount Moroto, Uganda: 


in thin section the rock is porphyritic with phenocrysts of strongly zoned titanaugite- 
p 3mm. across, and “‘iddingsite,”’ up to 1 mm. across, and iron ore. The ‘‘iddingsite”’ is a 
} orange-red and is moderately pleochroic. In plane polarised light it appears homogene- 
| but between crossed nicols it has a patchy extinction. No remnants of the original 
re are present and no micaceous cleavage is developed. 

“he groundmass consists of titanaugite, iron ore, plagioclase, and interstitial zeolitic 
erial, probably analcite. 


"he specimens of the second group are described much more briefly in 
je 1 


TABLE I. Descriptions OF ‘‘IDDINGSITES”’ OF THE SECOND GROUP 


= Locality Rock type Comments on ‘‘iddingsite” 
a. 
A Gough Island Gabbroic xeno- Dark red brown, weak pleochroism. 
lith in tuff Occurs in thin films and hair-like 
rods. (See Fig. 6) 
6 Juan Fernandez Island Olivine basalt | Reddish-brown to greenish-yellow 


(Quensel 1952) 
£-15 Carmelo Bay, Calif., Carmeloite (oli- Medium to dark orange-brown. Mod- 


Wasa vine basalt) erately pleochroic with new cleay- 
age slightly developed 

1-17 Carmelo Bay, Calif., Carmeloite (oli- As above but no new cleavage. 

WESeAs vine basalt) 

(C Gough Island Gabbroic xeno- Bright ruby-red. Moderately pleo- 
lith in lava chroic but no new cleavage devel- 
flow oped 

1378 Rungwe, Southern Olivine basalt | Orange-brown, only very slightly 


Province, Tanganyika pleochroic 
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X-Ray METHODS ° 


The optical homogeneity of many “‘iddingsites” suggests that, even if 
the material is not to be regarded as a definite compound with relatively 
fixed chemical constitution, there is some structural control over the 
alteration process. It appears, therefore, that the identification of the” 
alteration products and the structural character of the “‘iddingsite” are 
advantageously studied by single-crystal, rather than powder x-ray 
methods. Similar methods for the identification of oriented intergrowths 
have been applied previously to pyroxenes by Bown and Gay (1959). 

Oscillation photographs taken about the «- or z-crystallographic direc- 
tions of the original olivine with FeKa radiation have been mainly 
used; the oscillation ranges were usually selected to be symmetrically 
across diad directions. The single crystals examined were carefull 
chosen from the most optically homogeneous part of the specimen; as far 
as possible, it was ensured that no unaltered olivine was present. It was_ 
also found necessary to examine a number of crystals from the same 
specimen for the alteration process in some specimens had proceeded toa 
different extent in different local areas. For such specimens, the results 
to be described below may be regarded as representing the average state 
of alteration of the specimen. 


CHARACTERISTICS OF DIFFRACTION PATTERNS 


The original olivine from which the “‘iddingsite” has been derived has 
an orthorhombic structure (space group Pbnm) determined first b 
Bragg and Brown (1926) and later refined by Belov et al. (1951). The 
dominant feature apparently controlling the structural rearrangements 
of the alteration process is the hexagonal sequence of approximately 
close-packed oxygen sheets; these oxygen layers are perpendicular to the 
x-axis, with one of the close-packed directions parallel to the z-axis of the 
olivine cell. Whilst it is not our purpose in this paper to discuss the strue- 
tural rearrangements in detail, it must be emphasised that, just as in the 
pyroxenes described by Bown and Gay (1959), it is the anion arrange 
ment which controls the structural orientation of the alteration products. 

The characteristic x-ray diffraction patterns of various phases which 
occur in “‘iddingsites”’ will now be described. 


(a) Olivine-like structures 


Often a pattern can be recognized which retains features of the photo: 
graphs of an unaltered olivine, despite the fact that the specimen shows: 
the strong coloration of an “iddingsite.”’ The patterns vary from those 
which are barely distinguishable from true olivine patterns, through” 
those where the diffraction maxima have become diffuse, to patterns 
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h very diffuse spots and obvious discrepancies in the relative intensi- 
; of various reflections when compared with the corresponding intensi- 
} from an unaltered olivine. 

structurally, these patterns must represent the stages in the break- 
vn of the original olivine structure with the chemical changes intro- 
led by the alteration. The diffuse character of the reflections could be 
Iributed to a mosaic texture or to a distorted structure; it would seem 
bable that the atomic replacements taking place give a very distorted 
ic arrangement. 


}\ Goethite-like structures 


Ihe occurrence of goethite (a-FeOOH) in “‘iddingsites” has been re- 
jted both by Ming-Shan Sun (1957) and Brown and Stephen (1959). 
|- iatter authors have presented a full analysis of the orientation of the 
thite with respect to the original olivine. Goethite belongs to the 
Jie space group as olivine, and has similar cell dimensions except that 
:2-axis length is halved; there is a structural equivalence in that the 
froximately hexagonal close-packed oxygen sheets form the basis of 
parrangement. The mutual orientation of goethite and olivine deduced 
Brown and Stephen, and confirmed in the present investigation, is 
}. expected if the structural control is exerted by the anion framework. 
} goethite grows within the olivine so that the close-packed planes are 
limon to both structures, but with three different orientations corre- 
nding to the effectively close-packed z-direction of the goethite being 
Jallel to the three “close-packed” directions of the olivine oxygen 
Wtt. Full details of the complex diffraction patterns produced by this 


| f the material is quite well oriented; in a few specimens, however 
- orientation of the goethite seems to be linked with sharper diffrac- 
maxima. The relative amounts of goethite in the three possible 
atations vary from specimen to specimen, suggesting that the three 
tse-packed”’ directions in the olivine sheet are not exactly equivalent; 
parallel orientation with the z-axis of olivine and goethite coincident 
hs to be preferred. The poor quality of the goethite patterns from 
| aeeies makes the comparison with patterns from single crystals of 
Jnite difficult, but it is apparent that the relative intensities are not 
ys correct, and the cell dimensions are slightly variable. This suggests 
| it would be better to call this phase of the alteration product “goe- 
}--like” for, like the olivine, it may well be defective and distorted, and 
lable in chemical constitution depending on the state of the alteration 
bess. The size of the equi-dimensional goethite-like particles can be as 


98 P. GAY AND R. W. LEMAITRE 


smal! as a few hundred Angstroms when estimated from the breadth of 
the reflection maxima, but this must be regarded as a lower limit as it © 
takes no account of broadening due to the probable lattice distortion. 


(c) Hematite structures 


Hematite (a-Fe.03) occurs in some specimens (see Smith, 1959), usu- 
ally in place of goethite. Although trigonal, it may again be regarded as 
having an approximately hexagonal close-packed oxygen framework, and — 
its orientation is that expected from its similarity to the olivine structure. 
It is “twinned” in accordance with the intergrowth symmetry principle 
(Bown and Gay, 1959) so that its orientation may be described as 


aoilex,  boil| + [01.0]z,  coul| + [21.0]x 


a 


In all specimens, the hematite is very well oriented, though the breadela 
of the reflections is variable from quite diffuse to relatively sharp. Com- 
parison with standard hematite photographs show no obvious relative 
intensity discrepancies, nor any detectable change in cell size; it seems 
more probable that this phase may be identified with a-Fe2Os3 with little 
impurity. The origin of the hematite cannot be regarded as being estab- 
lished. It is possible that it is formed by dehydration of a goethite-like 
phase formed during the alteration; indeed heating experiments have 
been carried out in which this transformation occurred. However other 
experiments (to be described elsewhere) have shown that hematite can 
be exsolved directly from olivine under suitable oxidizing conditions. 
Whatever its origin, its occurrence, as with the other structures so far de- 
scribed, points to the high stability of the anion framework through 
while the cations can be made to migrate. It is important to realize that) 
the strength of the silicon-oxygen bond is not so great as to prevent a 
structural reorganization in which the Si-O tetrahedra do not remain as_ 
discrete structural units. 


ay 


ee ee eS 


ee 


(d) Spinel structures 


Multiple oxide structures of this type are cubic, with the oxygen atoms. 
in approximately cubic close packing. The orientation of such phases. 
with respect to the original olivine is controlled by a correspondence of. 
the close-packed sheets, with a “twinned” orientation required by the 
intergrowth symmetry principle; it is : 


doil|(111)sp, —Borl| + (112)sp, cor || + (110) gp 
These phases are rarely present in “iddingsites,” but when they are, their | 
diffraction spots are sharp, but with an appreciable range of disorisa | 


tion. It is difficult from x-ray data alone to distinguish the different mixed } 
oxides of the spinel group, but it seems likely that the phase present in 


pencil abn a5: 
SS ee 
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_“iddingsites” is probably magnetite (Fe;0,) or a magnesioferrite 
| (MgFe20,); the cell dimensions and intensity relationships are roughly 
in agreement with these compositions. It seems probable that these 
_ phases are directly exsolved by the olivine (possibly before the alteration 
has begun) when it is heated in an oxidizing atmosphere. Experiments to 
| be described elsewhere have shown that a spinel phase can be developed 

within an olivine crystal in this way, though spinel phases in other 
orientations and entirely different products can also be obtained if the 
| oxidizing conditions are too severe. 


(e) Silicate structures 


| These structures are represented on the diffraction pattern in a manner 
more variable than any other phase identified in the “iddingsites.” 


Fic. 1. Schematic representation of reciprocal space relationship between the hexagonal 
array of cylinders due to the silicate phase and the axes of the original olivine. («-axis 


rvertical, z-axis horizontal) 


Brown and Stephen (1959) have described some of the characteristics of 
the pattern and have suggested that in their specimen a layer lattice 
silicate is present, probably belonging to the vermiculite or smectite 
group. : ie 
The diffraction effects may be considered in two parts. First, there oc 
curs a hexagonal pattern of cylinders in reciprocal space as 1). ie 
length of the cylinders is parallel to the x-axis of the original olivine; t 5 
bl “cell” marked out by these cylinders in reciproca 
bide of the hexagonal ‘‘ce ee cana 
ppace is parallel to the z-axis of the original olivine. saree 
nexagonal array is slightly variable around a value of about 95.9 A. Along 
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the length of the cylinders, the intensity distribution, which is usually 
continuous, fades away sharply at about ¢=0.5 for FeKa radiation. 
Radially the intensity falls away fairly quickly, so that rods with low & 
values are the only ones which are seen, unless fairly heavy exposures 
are made. The diameters of the rods in reciprocal space are variable from 
specimen to specimen, some even being relatively sharp. Others with 
relatively large diameter have a marked asymmetric intensity distribu- 
tion, with a sharp cut-off on the low angle side. Diffraction effects of this 
general character seem to be present on most specimens containing a 
silicate phase; associated with them, however are low angle effects, which 
again show a marked degree of variability. Broadly these low angle effects 
fall into two categories. For the majority of specimens, there is a strong 
broad streak extending continuously from 70-80 A down to about 10 A, 
where it appears to tail off; the streak probably extends to even higher 
spacings than have been experimentally detected, for it shows no sign of 
diminished intensity at the limit of the present experimental observation. 
The streak extends in the x-direction of the olivine, and is thus parallel 
to the hexagonal array of cylinders. However for a few specimens, al- 
though the continuous streak still remains it appears to be considerably 
diminished in intensity, and fades away in the region 20-30 A; intensity 
maxima, at times not very well defined, are then found at spacings of 
about 14-15 A, with higher orders of this reflection also present. 

The specimen described by Brown and Stephen (1959) gives a pattern 
showing both the hexagonal cylinders and sharp basal spacings. These 
authors suggest that the diffraction effects are due to the formation of a 
sheet silicate structure with a highly disordered stacking of the layers; the 
collapse of the basal spacing to~10 A by heating at 500° C. for one hour 
indicates that the sheet silicate may belong to the vermiculite or smectite 
groups. However, the variability of the diffraction patterns of this phase, 
identified in the present study, in which very few ‘‘iddingsites” seem to 
have developed a basal spacing, and the chemical evidence to be given in 
a later section suggest that it is highly speculative to attempt to identify — 
this phase with any recognized sheet silicate group. The diffraction pat- 
terns showing only the continuous low angle streak could be interpreted 
as being due to effectively two-dimensional crystals of the silicate phase; 
rough calculations form the extent of the cylinders and streaks in recipro- 

cal space show that, if the particles of this phase are perfect, they are 50- |} 
100 A in diameter, and about 5 A thick. At the early stages of develop- 
ment, they represent an embryonic silicate structure, which has not © 
achieved any three dimensional regularity; they are probably very vari- 


able in constitution. At this stage, too, the possibility must be considered q 


that the embryonic silicate should not be regarded as a sheet silicate 
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structure at all, but rather as a random local linkages of chain and band 
structures (the development of oriented pyroxene structures from heat 
treated olivines will be described in another publication). The close 
packed oxygen framework of the olivine does not require severe atomic 
‘rearrangement to form the oxygen arrangement of chain, band or sheet 
‘silicate, whilst the Si atoms appear to have considerable freedom of 
migration during the alteration process, so that local concentration of Si 
‘atoms may form embryonic linked tetrahedra structures which do not 
(conform to the ordered arrangements recognized in silicate minerals. 

The occurrence of basal spacings of 14-15 A for some specimens con- 
| taining a silicate phase indicates that some three dimensional regularity 
(of the silicate structure can be achieved. However, it is not certain 
\whether this can be obtained under the conditions of alteration which 
liead to the disordered structures of the majority of specimens. Apart 
[from its rarity of occurrence in specimens which can be said to be “‘id- 
(dingsitized” olivine, the silicate pattern with sharp basal spacings seems 
'to be characteristic of material described by other workers as bowlingite, 
;another alteration product of olivine. It is possible that the processes 
)which alter olivine to “‘iddingsite” or bowlingite cannot be sharply dis- 
(tinguished, and that the specimens which show basal spacings should be 
described as being partly ‘“‘bowlingitized.”’ The silicate phase occurring in 
the pseudomorphs after olivine in Markle basalt (Smith, 1959) has a 
basal spacing of 14.5 A and is considered by the author to be a true 
chlorite of the pennine series. These pseudomorphs are unusual in that 
they are reported to contain quartz, which is not detected at all in the 
present investigation. It seems unlikely that they could have formed 
solely by the process of ‘‘iddingsitization” defined by the present in- 
vestigation; for the Markle pseudomorphs the effects of weathering may 
be important. 


EXPERIMENTAL RESULTS AND CLASSIFICATION OF SPECIMENS 


The results of the x-ray examination are summarised in Table 2; for 
each specimen, the phases identified are shown together with a brief com- 
ment on the diffraction patterns. While the patterns (Figs. 2 and 3) can- 
mot be divided into rigid categories, these data, together with the optical 
iand chemical data on the specimens of the first group, allow some infer- 
ences as to the structural changes taking place during the alteration 
process. 

To trace out these changes, we shall confine discussion for the mo- 
ment, to the first group of selected typical “iddingsites. % In the frst 
stages of alteration, the anion framework of the original olivine remains 
unchanged; initially the diffusion through this framework of the cations 
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TaBLE 2. RESULTS OF X-RAY EXAMINATION 


eee Phases Present Comments 
No. 

G.133 Og+ Gp Relative intensities of “olivine” effectively normal; very 
little ‘‘goethite.”’ 

V.3 Op Relative intensities of ‘“‘olivine” effectively normal. 

57303 Op Relative intensities of “olivine” effectively normal. 

G.50 Op+ Gp+ Hp Very little “olivine” and hematite; marked discrepancies 
of relative intensities of “olivine” from normal. 

11537 Gp+S1+ Hp There are also sharp powder rings of ‘“‘goethite.”’ 

FEAE 124 Gp+S.i+Hp Only a trace of hematite. 

X11 A Os+Szi+Hp+Sps Specimen may contain unaltered olivine. Very little “sili- 
cate,”’ with low angle streak barely visible. There are 


also powder rings of spinel phase. 

87366 Os_p+Cp “Olivine” sharp in some specimens, diffuse in others; 
when diffuse, relative intensities incorrect, and small 
amounts “goethite’’ present. 


303-I-15 Gs+S1 “Goethite’’ poorly oriented and sharp. 

303-L-17 Gp+S1 

X18C Os_p+Si+Hp “Olivine” showing both sharp and diffuse spots within 
same single crystal specimen 

DH 1378 Op+Ss “Olivine’’ has relative intensity discrepancies; ‘‘silicate” 


has basal basing of 14.1 A. 


Key to Table: 
O indicates olivine-like phase 
G indicates goethite-like phase 
S indicates silicate phase 
H_ indicates hematite phase 
Sp indicates spinel phase. 
The subscripts S and D give some indication of whether the diffraction spots are sharp 
or diffuse; the subscripts L and B after the symbol S, indicate continuous low angle streak 
and basal spacing respectively. 


only slightly changes the structure (G.133), though as the chemical 
reconstitution becomes more drastic, the structure becomes more and 
more distorted, and less and less like true olivine (V.3 and 57303). The 
presence of increasing numbers of hydroxyl ions (see next section) allows 
the formation locally in areas effectively denuded of silicon of increasing 
amounts of a goethite-like structure (G. 50); this phase may appear as 
hematite if at any time during or after the alteration process the goethite- 
like structure is dehydrated. At this stage it would not appear that there 
is any order in the arrangement of the silicon atoms remaining within the 
“iddingsite.” As the goethite or hematite regions increase, local silicon 
concentrations increase to the point where they begin to organize into a 


, 
& 
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Fic. 2. X-ray diffraction photographs of ‘“‘iddingsites.” All the photographs are taken on 
camera of 3 cm. radius with FeKa radiation. The oscillation axis is in all cases the z-axis 

the original olivine, the 15° oscillation range is symmetrically across the «x-axis of the 
iginal olivine. Only a part of the photographs is shown (magnification X 8). 


(a) An unaltered olivine for comparison. Skaergaard Intrusion, East Greenland. EG 


(0) 


(c) 


(d) 


4265. 

Specimen G.50, Gough Island. Some of the spots of the remaining olivine-like 
structure is labelled O, a weak hematite spot H. The formation of the “‘goethite- 
like” structure is shown by the diffuse regions almost coincident with “olivine” 
spots. 

Specimen FEAE 124, Mount Moroto, Uganda. All spots other than those marked 
are due to “goethite” structure in three orientations. Spots marked S are due to 
silicate phase. In this specimen, diffraction spots due to hematite are barely 
visible. 

Specimen X11A, Gough Island. Diffraction spots are marked as O, olivine-like, S, 
silicate, H, hematite, Sp, spinel. All rings belong to misoriented spinel structure, 
except for short spotty arcs which are due to misoriented olivine fragments. 
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kind of local order, with consequent rearrangement of the anion frame 
work, this marks the appearance of the silicate phase (11537 and FEAE 
124). So far as the specimens of the first group are concerned, this ap- 
pears to denote the end of the alteration process. We cannot be certain 
whether specimens in which the silicate structure has gained some kind of 
three-dimensional regularity (as exemplified by the formation of a 
definite basal spacing) represent a further development of this particular 
alteration process or whether they have been formed by some different 


be) 


Fic. 3. Specimen 303-I-15, Carmelo Bay, Calif., Oscillation photograph, 3 cm. camera, 
FeKa; oscillation axis, x-axis of original olivine, the 15° oscillation range is symmetrically 
across the z-axis of the original olivine. The sharp, poorly oriented preferred orientation 


pattern is due to “goethite.’’ Note particularly the continuous blackened regions (arrowed) 
due to the silicate phase. 


but related alteration; the limited chemical evidence given later can be 
interpreted as showing that specimens like 11537 and FEAE 124 will 
change little more. 

Commenting briefly on the second group, it seems probable that in 
specimen X11A small regions of olivine have been “iddingsitized,” leav- 
ing other regions of unaltered olivine. Reheating has then caused the de- 
hydration of the ‘“goethite” to hematite in the “iddingsitized” regions 
with the simultaneous precipitation of the spinel phase from the un- 
altered olivine regions. No. 87366 shows the early stages of alteration 
(like G.133 and V.3) which has been local, to give different degrees of 
alteration in different parts of the specimen. 303-I-15 and 303-I-17 are 
probably products of the same changes as the specimens of the first 
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group though other alteration products are also present in thin section; 
tor 303-I-15, the structural control of the orientation of the products fas 
been i runbed: X18C represents another example of local alteration, 
together with reheating of the specimen as evidenced by the hematite 
phase. DH 1378, in addition to the basal spacing, does not show either 
the Beociacy or hematite usually observed at the stage in alteration 
‘when a “silicate” phase is present, and must be regarded as anomalous. 

_ The results can be summarized in the following manner. The structural 
‘changes involved suggest that the alteration process proceeds continu- 
‘ously through the various stages which are marked by the occurrence of 
|poorly crystalline but characteristic phases. Individual specimens of 
‘“iddingsite” may differ from one another by being at different points of 
ithe structural change, though there may also be minor variations caused 
by different geological histories. We shall now examine chemical and 
‘optical data to see if they can be reconciled with a classification of this 
Hkind, 


THE CHEMICAL COMPOSITION OF SOME OF THE ‘“‘IDDINGSITES”’ 


Two of the specimens of the first group, V.3 and G.50 were analyzed, 
hand the analysis of a third, FEAE 124, was kindly supplied by K. 
[Hytonen. These analyses are given in Table 3, together with the ideal 
h-omposition of an olivine (Fao) approximating to the chemical composi- 
tion before alteration. Qualitatively the changes involve a decrease in 
102, FeO and MgO with an increase in Al,O3, Fe203; and H2O as the 
iteration process proceeds. It is interesting also, as first pointed out by 
awson (1893), that small quantities of CaO, Na2O and K;0 enter the 
‘iddingsite.”’ 

In Fig. 4 the proportions of the major constituents of the olivine and 
‘he three ‘‘iddingsites’’ have been plotted against their 6 refractive in- 
Hices. It is seen that MgO, Fe2O; and Al.O; all show a reasonably smooth 
wariation, whilst SiO. and Al.O3 vary rather more irregularly. If it is 
lissumed that the chemical process is essentially one of addition of FesOs 
and removal of MgO from the original olivine, the end product of the 
i ‘iddingsitization” process would have a composition corresponding to 
the removal of all the MgO. On this assumption it is possible to derive an 
ipproximate composition for the hypothetical end product of SiO2= 16%, 
MAI1,03;=8%, Fex0;=62% and H,O=14%, with a corresponding 8 re- 
mractive index of just over 1.9. The a-ray data suggests that this bulk 
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TABLE 3. CHEMICAL ANALYSES OF ‘“‘IDDINGSITES” 


1 2 3 4 
SiOz 39.3 37.9 25.59 LES? 
TiO» == 0.7 0.61 0.42 
Al,O3 — 5.6 6.53 8.00 
FeO; _ ZOEK 31.44 55.09 
FeO 18.9 38 4.64 0.00 
MnO — n.d. n.d. 0.45 
MgO 41.8 24.0 15.83 Pais: 
CaO = 3.6 1.30 1.29 
Na2O — n.d. Os31 0.18 
K,0 — n.d. 0.28 OSE 
HOF —= 9.09 | “ 
H.0- _ } Alp) 374 ( 13844 
Total 100.0 100.0 99.36 99.73 
R.I. (8) 1.694 1.766 1.816 1.885 


1. Ideal composition of olivine (Fazo). 

2. Specimen V.3. Nepheline bearing olivine basalt, Vogelsberg, Germany. Analyst 
R. W. LeMaitre. (The “iddingsite” was taken into solution with HC! from a mix- 
ture containing pyroxene. The H:O was determined on the mixture assuming zero 
water content of the pyroxene.) 

. Specimen G.50. Trachybasalt, Gough Island. Analyst: R. W. LeMaitre. 

4. Specimen FEAE 124. Pyroxene trachyte, Mt. Moroto, Uganda. (Hyt6nen, 1959). 

Analyst: P. Ojanperi. 


w 


it is clear that the hydrogen content is very high. The ratio of the number 
of hydrogen ions to the number of oxygen ions present in the silicate can 
be fixed between two limits. If all the Fe** ions are associated with the 
goethite-like phase, an upper limit of 0.67 for this ratio is derived for the 
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Fic. 4. The relation between the major chemical constituents of an olivine (Faz) and 
the three analyzed ‘‘iddingsites” and the value of the @ refractive index. 
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ilicate phase; on the other hand, if the equally unlikely assumption is 
made that no goethite-like phase is present, the lower limit of the 
H+/O?- ratio for the silicate phase is about 0.57. Now for most recog- 
1ized sheet silicate minerals this ratio is usually well below 0.5; only for 
eartially hydrated halloysite does it have the high values of the highly 
Itered “iddingsites.”” While it is undoubtedly possible to express this 
ulk composition in terms of a recognized mineral assemblage such as 
oethite and a hydrated halloysite, the authors must stress that this does 
ot mean that recognizable or even identifiable areas of a hydrated 
alloysite exist within the “iddingsite.” All the data suggest that the 
ilicate structure is very irregular and disordered and should not be 
bquated, at this stage of alteration at least, with any recognized mineral 
ipecies. Whether the development of a basal spacing leads to a more 
egular and recognizable silicate structure merits further investigation 
_the data of Brown and Stephen (1959) on the properties of the phase 
re to be resolved. 


OPTICAL PROPERTIES 


} Some of the characteristic optical properties of the first group of 
vpical “‘iddingsites,” is given in Table 4. The most notable feature is the 
jacrease in the @ refractive index as the alteration proceeds; this is also ac- 


TABLE 4. OpricAL PROPERTIES OF ‘‘IDDINGSITES” OF THE FIRST GROUP 


Depth 
-pecimen of alter- Color Pleo- Cleav- Amount of Disper- Other alter- RL (s) 
=No. ation chroism age alteration sion ations 
(mm.) 
.133 0.2  Red-brown Slight None Partial _ None 1.76 +0.01 

to orange- 

brown 
i 3 0.2  Orange- Slight None Partial — None 1.766+0.003 

brown 
17 303 0.3 Orange- Slight None Partial = None 1.762+0.005 

brown 
iso 0.5  Red-brown Slight None Complete = Feldspar 1.81640.003 
to orange analcitized 

brown 
537 0.4 Deep ruby- Moderate, Micace- Complete Strong Calcite and 1.80 +0.01 
red to or- maximum ous chlorite pres- 

ange-red absorption ent 

parallel to 
cleavage 
e 1.885 + 0.005 
}£AE 124 0.5 Orange-red Moderate None Complete Very Amygdales 1.8854 0.005 
| strong and slight 
r>v alteration of 


feldspar 
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companied by an increase in the total birefringence and dispersion. The 
color in plane polarized light is almost the same at all stages, though there 
is a tendency for it to be darker in the later stages of alteration, where 
the pleochroism, though never marked, is stronger. Where “iddingsite”’ 
and olivine are present in the same crystal it is always found that their 
optic orientations are identical. 

The development of the micaceous cleavage, characteristic of the ma- 
terial from Carmelo Bay described by Lawson (1893), does not appear to 
be diagnostic of the late stages of alteration. It is interesting to note that 
when the micaceous cleavage is developed (as in the material of Brown 
and Stephen (1959) and some specimens of Ross and Shannon (1925)), 
the refractive indices are considerably lower than would be expected; it 
appears that this lowering of refractive indices is to be correlated with 
the development of a basal spacing in the silicate. Since these “‘idding- 
sites” are often accompanied by other ill-defined alteration products of 
olivine, it is difficult to be certain if such effects are to be regarded as part 
of the process of ‘‘iddingsitization.”’ 


THE ALTERATION PROCESS 


From the evidence presented, it seems clear that the mechanism for the 
alteration of olivine to “iddingsite”’ is one of ionic diffusion. As with the 
hydration of dicalcium silicate (personal communication, Dr. J. D. C. 
McConnell), under suitable conditions of temperature, pressure and 
chemical environment, highly mobile hydrogen ions can diffuse into the 
olivine structure. By temporary attachment to the oxygen ions, they are 
capable of releasing magnesium, ferrous and silicon ions from their sites © 
in the olivine structure, and allowing their replacement by ferric, alumin- — 
ium and calcium, etc., ions, provided that suitable concentration gradi- — 
ents exist across the boundary. | 

The structural changes involved are only slight. For some of the 
phases recognized, only cation changes are needed; for the others, only 
slight rearrangement of the essential oxygen framework is necessary. The — 
continuity of the oxygen framework throughout the “‘iddingsite” and 
the short range order of the cations could undoubtedly account for the 
optical homogeneity of most of the “iddingsites’? (see Brown and 
Stephen, (1959)). It must be emphasized again that this alteration — 
process represents another example of the ability of silicon ions to diffuse — 
fairly readily from their tetrahedral sites in the oxygen framework, and — 
shows that in consideration of transformations in silicate structure, the F 


SiO, tetrahedra cannot always be regarded as rigid units of structure (cag 
Taylor (1957)). 
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The conditions under which the alteration takes place are still a matter 
jpor some speculation, except for the pressure, which can be assumed to be 
elatively low (see however Sun (1957)), as “iddingsite’”’ is confined to 
rolcanic and hypabyssal rocks. So far as the temperature of formation is 
jtoncerned, considerable evidence has been accumulated which suggests 
hat the alteration took place in the deuteric stage, before consolidation 
fi the magma (Edwards (1938), Ross and Shannon (1925)). Rims of 
jresh olivine mantling “‘iddingsite,’’ which have been observed by Ed- 
yards, can also be seen in some of the basaltic rocks from Gough Island 
nd imply that the “iddingsite” formed before the olivine finished crystal- 
izing. However it seems unlikely that a crystal with small domains of 
\tgoethite” and “silicate” structures, having a relatively high free energy, 
rould be stable at high temperatures; it would tend to reorganize itself 
ato a more ordered structure. It can only be concluded that ‘“‘iddingsite” 
; formed at intermediate temperatures, below those necessary for struc- 
ural reorganization, and above those at which the rock has completely 
bslidified. The chemical environment is undoubtedly one of strong 
\kxidizing conditions, with most of the iron in the ferric state, Fe**+, but 
jine suggestion by Edwards (1938) that the magma must differentiate to 
jive an iron-rich liquid cannot be completely valid, for “‘iddingsite”’ oc- 
urs in many non-iron enriched basaltic rocks. The formation of ‘‘idding- 
lite” with a high Fe*+ content requires only the oxidizing conditions and 
\foes not necessarily imply the presence of an iron-rich liquid. 
|| During the present investigation attempts to synthesize “iddingsite” 
irom olivine in iron-rich, aqueous and acid solutions, at temperatures up 
> 600° C. and pressure up to 1000 atmospheres, were unsuccessful. 
‘hen alteration rims were produced, x-ray examination showed they 
rere of the serpentine type. 
| In conclusion, it must be made clear that “‘iddingsite” is not a mineral 
frith a definite structure and chemical composition as implied by Ross 
Ind Shannon (1925); neither can it be regarded, as other workers have 
Jone, as a simple sub-microscopic intergrowth of two or more well char- 
|cterized minerals. “Iddingsitization” is a continuous transformation In 
ne solid state, during which the original olivine crystal may pass through 
harious stages of structural and chemical change; it may be possible at 
Iny stage to recognize embryonic structural arrangements, some of 
\thich approximate to normal ordered mineral structures, but the altered 
Hivine is at all times a disordered, irregular arrangement which cannot be 
lescribed as a simple sub-microscopic mineral intergrowth. In view of 
nese difficulties it is proposed that the term used for any member of the 
iteration series should be written “iddingsite.”’ 
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Fic. 5. Photomicrograph of a typical “iddingsite”’ in a basic lava. Specimen V.3, 
Vogelsberg, Hesse, Germany. Ordinary light, magnification X65. 


nel > Rene yaa A Dee ¥% COGN. 4 a i = 

Fic. 6. Photomicrograph of an olivine exsolving iron ores. Specimen X11A, Gough 
Island. Note the difference in appearance between this and the “\ddingsite’’ shown in 
Fig. 5. Ordinary light, magnification «65, 
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SYNTHESIS AND ORIGIN OF CHALCEDONY* 


J. F. Wurre anv J. F. Corwin, Departments of Geology 
and Chemistry, Antioch College Yellow Springs, Ohio. 


ABSTRACT 


Synthetic chalcedony has anomalous properties similar to those of natural chalcedony. 
These properties have been explained by submicroscopic holes and inferred disordered 
regions between fiber interfaces. The properties and origin of synthetic chalcedony are 
compatible with these concepts. 

The chalcedony was made by transformation of solid silica in the presence of hydro- 
thermal solutions at moderate temperature and pressure. Chalcedony was not directly 
precipitated from solution, but formed only by transformation of silica glass or cristobalite. 
In general, no conversion took place in slightly acid solutions, while complete, rapid con- 
version occurred in slightly alkaline solutions. The transformation proceeds indirectly by 
way of cristobalite and keatite. 

Chalcedony is regarded as a secondary, metastable, transitional phase. The peculiar 
properties differentiating chalcedony from ordinary quartz may be a result of nucleation 
and growth in solid material (silica glass, opal, silica gel, or cristobalite). 


INTRODUCTION 


Chalcedony has certain distinguishing properties such as low, variable 
refractive indices and fibrous appearance or undulose extinction. In ad- 
dition, it is commonly brown in transmitted light, biaxial, chemically 
more reactive than quartz, and shows suppression of the low-high transi- 
tion of quartz as commented on by Pelto (1956), Hoss (1957), and Tuttle 
and Keith (1952). In this paper, the term chalcedony is restricted to ma- 
terial with the quartz structure but with refractive indices less than those 
of quartz. This essentially follows Pelto (1956). The term ‘“‘chalcedonic 
quartz” probably should not be used for chalcedony, but can be con- 
veniently used for textural varieties of quartz which look like chalcedony; 
e.g., fibrous quartz which has the refractive indices of quartz. 

In previous work, a chalcedonic variety of GeO, (quartz type), which 
was analogous to chalcedony, was produced hydrothermally (White, 
Shaw, and Corwin, 1958). Probably, the first acceptable synthesis of 
chalcedony was by Nacken (1948) who discussed the laboratory prepara- 
tion of chalcedonic, geode-like structures and their bearing on the origin 
of agates. 


SYNTHETIC CHALCEDONY 


J 


Description and Comparison with Natural Chalcedony 


The synthetic material, shown in Fig. 1, consists of microscopic, 
fibrous, fan-shaped aggregates which appear similar to natural chalced- 


* Summary in “Synthetic Chalcedony,” Nov. 1959 meeting Geol. Soc. Am., Pittsburgh, 
Pa, 
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pny. The fibers range from approximate parallelism to strongly diver- 
ent groups. Most of the fiber groups show straight extinction, but some 
aave inclined and undulose extinction. The fiber groups are usually 
rength-fast, but some are length-slow, and correspond to the variety 
juartzine. Commonly, one or the other predominates in a given concen- 
ric zone. The complexity is similar in natural chalcedonic materials as 
onsidered by Braitsch (1957). The birefringence is about that of quartz. 
(ome of the material is biaxial, optically positive, with 2V about 25°. 
ones (1952) reported optically positive chalcedony with 2E about 50°. 


Fic. 1. Synthetic chalcedony showing texture, rhythmic banding, 
and gradation to quartz. Crossed nicols. X25. 


[uch of the synthetic material is concentrically banded (Fig. 1) with 
vanges of color and texture perpendicular to the length of the fiber 
coups. Rhythmic banding is also commonly present. In transmitted 
xht, the color ranges from colorless, to a distinct brown, to murky along 
ve length of the fiber groups. 

The refractive indices are variable, but are mostly in the range 1.51 to 
‘52. Indices of some of the fiber groups are gradational along the length 
inging from as low as 1.48 to 1.55. Measurements of refractive indices 
nd their comparison to natural chalcedony and quartz are given In 
able I. 

Folk and Weaver (1952) by using the electron microscope showed that 
ater-filled submicroscopic holes, ranging from about .02 to .30 microns, 
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. 
TABLE I. REFRACTIVE INDICES OF SYNTHETIC CHALCEDONY, 
CHALCEDONY, AND QUARTZ 


Synthetic Chalcedony Chalcedony 


1.470 (heat-treated, Pelto, 1956) 


ny eS) 
ayy iwi! 


ny 1) aay 
iy Oy 1.528 (heat-treated, Pelto, 1956) 


m 1.53 1.530 (Winchell, 1951) 
ne 1.54 IE O3S-1E 539 


Nh 1.54 
ry hess 


Synthetic Quartz Quartz 


@) 44 1.544 
€ 53 1553 
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are present in chalcedony, and that these can account for the low indices 
as well as the brown color. The refractive index was shown to vary in 
proportion to the abundance of holes. Later, Pelto (1956), showed that 
the brown color is due to holes of suitable size which result in preferential 
scattering of blue light. Pelto also suggested there should be no sharp 
break between quartz and chalcedony. In describing the synthetic ger- 
manium analogue of chalcedony, White, Shaw, and Corwin (1958) noted — 
low refractive indices and gradual change up to those of the quartz form 
of GeO». A relation between change in refractive index and color was also — 
present. Synthetic chalcedony grades into ordinary quartz along with 
gradual changes in refractive index which in places accompany color 
changes. 

The low-index material (Table I) is comparable to the heated natural 
material (Pelto, 1956) which develops a comparable range of indices and 
is as low as 1.47. Apparently upon heating, some of the water is lost and 
the index is lowered. A similar explanation appears reasonable for the 
low-index material which occurs in the central parts of the transformed 
glass and thus might contain less water. | 

X-ray powder patterns of the chalcedonic material indicate almost 
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ure quartz, but lines indicating minor amounts of cristobalite and 
ceatite (Keat, 1954) are present in many samples. 


CONDITIONS OF ORIGIN 


Silica glass, or in some experiments cristobalite, was placed in a 250 
l., stainless-steel autoclave containing 125 ml. of water solution of usu- 
Illy 0.025 N salt concentration. The pH of the solutions was varied in 
lifferent experiments from about 3.5 to 12 by adding HCl or NaOH. The 
remperature, pressure, and time were respectively 400° C., 340 atm., and 
ksually 48 hours, although longer and shorter runs were also made. De- 


Fic. 2 (left). Glass tubing completely converted to chalcedony and quartz. Diameter of 
rrge tube 1.5 mm. ; 
‘Fic. 2 (right). Unconverted glass rod on left. At right, partially replaced rod with 
mconverted core. Diameter of rods 13 mm. 


uils of the equipment and procedure have been given by Swinnerton, 
twen, and Corwin (1949) and Yalman and Corwin (1957). The silica 
gas silica glass tubing and rods, and “standard” and “‘hyilo super-cel” 
fohns-Manville) which are processed natural silica. This material is 
-istobalite as shown by x-ray powder patterns. The glass was high purity 
llica glass made by Thermal American Fused Quartz Co., transparent, 
ne-half inch diameter. In some experiments, a quartz seed was also 
resent. 
Examination of the autoclave after a run generally showed crystalline 
1aterial in one or more of the following places: on the quartz seed, on the 
alls of the autoclave, and as a replacement of original silica. Petro- 
caphic study of the material deposited on the walls of the autoclave and 
n the seed revealed in 30 samples the common presence of quartz oF 
tistobalite, but no chalcedony. In contrast, the glass or cristobalite was 
»mmonly converted to chalcedonic quartz and acy, ig so 
ises glass tubing and rods maintained their original shape after conver- 


ion. (Fig. 2). 
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A sequence of concentric layers is commonly shown by the converted 
silica (Fig. 3). When fully developed, the sequence from the outer surface 
inward is fibrous quartz, chalcedony, keatite, a thin zone of cristobalite, 
and finally a glass core if conversion is not complete. In detail, the cristo- 
balite-glass contact is made up of hemispherical lobes of cristobalite di- 
rected into the glass. Identification is based on presence of cristobalite 
lines in the powder patterns, refractive index of 1.49, isotropic character, 
and assumed silica composition. The results are similar to those of Carr 
and Fyfe (1958), who found that the conversion of amorphous silica pro- 
ceeded by way of cristobalite, keatite, and quartz. Similarly in the pres- 


Fic. 3 (left). Cross section showing concentric layers of fibrous quartz, chalcedony, 
keatite, cristobalite and glass core. Growth proceeded from outer surface inward. Crossed 
Nicols. Diameter 13 mm. 

Fic. 3 (right). Cross section of partially converted silica rod. Note radial fibrous texture 
and growth centers on outer surface. Core is glass. Crossed nicols. Diameter 13 mm. 


ent work, the transformation proceeded as follows: glass—cristobalite 
—keatite—chalcedony—quarls. 

Although chalcedony formed only by conversion of solid material, the 
character of the hydrothermal solutions determined whether the replace- 
ment or transformation would or would not take place under the given 
conditions of time, temperature and pressure. In pure water or very di- 
lute acids, no reaction occurs. However, in very slightly alkaline solu- 
tions, the reaction is rapid and complete. This is in general agreement 
with Nacken (1948), and a similar control has been noted in experiments 
on the growth of quartz by precipitation from solution, e.g., Yalman and 
Corwin (1957). Asummary of data from 30 experiments pertaining to the 
influence of hydrothermal solutions and in particular the effect of pH on 
the presence or non-presence of chalcedony is given in Table IT. 
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NATURAL CHALCEDONY AND CHERT 


Jonditions of Origin 


_ It is known that natural chalcedony forms under near surface condi- 
ions at low temperatures. These conditions are restricted to sedimentary 
ind low-temperature hydrothermal environments. Further well recog- 
ized features are the common and widespread association with opal and 
imilar material and the conversion of opal to chalcedony (Pettijohn, 


TABLE II. HypROTHERMAL SOLUTIONS AND THE PRESENCE OR Non- 
PRESENCE OF CHALCEDONY 


ue a Solution pH;* Product 
.xperiments 
4 Pure H2O 6.0-7.5 
3 HCl 025.Ni 6.7-7.5 
2 MgCh, .025 N 4.0-4.5 
2 BaCh, .025 N 4.0 Glass. No change in source 
2 BaCls, .025 N+ material 
Ba(OH)» to pH 10 4.0 
2 BeF2, .025N Sis) 
3 KOH, .025 N 10.3 
4 NaOH, .025 N iO, 2 
6 NaCl, .025 N+ 8.0-9.0 Chalcedony and Quartz. Re- 
NaOH to pH 10 placement of original glass 
2 NaF, .025 N 5.0-8.0 


‘Source material—silica glass. Temp. 400° C.; Pressure 340 atm.; Time 48 hrs. 
* pHris the final pH (measured). 


957; Barth, 1952; Williams, Turner, and Gilbert, 1954; White, 1955; 
ittman, 1959; and others). The experimental data support and comple- 
cent these observations. " 
Although chalcedony and quartz were formed rapidly at 400°, petro- 
caphic examination shows chalcedony is being converted to fibrous 
artz and cannot persist. This was confirmed by longer runs (96 hours) 
hich showed only fibrous quartz. From a consideration of solubility data 
Kennedy, 1950) such transformations should take place at tempera- 
ires as low as about 300°, but below about 250° the recrystallization 
iould be appreciably slower. That the critical temperature of water is 
ot a factor is shown by the formation of the germania chalce Jony 
White, Shaw, and Corwin, 1958) at 200° C. Also Carr and Fyfe co? 
»served complete conversion of amorphous silica to Oe Me VASO (ES ie) 
‘few hours in the presence of dilute alkaline solutions. Thus, an upper 


————— 
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limit for the formation and persistence of chalcedony is suggested at 
about 300°. Concerning the lower limit, it has not been possible to grow ~ 
quartz at temperatures below 100° C. This is also in line with natural | 
occurrences, opal being the mineral present at lower temperature. White ~ 
(1955) noted the rarity of opal in hot spring deposits at temperatures 
greater than 100°; its place being taken by chalcedony and quartz. . 
White, Brannock, and Murata (1956) observed that opal probably forms © 
at temperatures as high as 140° C. but is unstable and changes to chalced- ~ 
ony or quartz. Thus a temperature of formation on the order of 100-— 
300° C. is indicated for chalcedony. . 

Pressure may be more important than temperature in controlling the 
occurrence of chalcedony. The important effect of pressure on the transi- 
tion of amorphous silica to quartz has been demonstrated by Carr and 
Fyfe (1958). The pressure factor would restrict chalcedony to shallow — 
depths. 

In the formation of both synthetic and natural chalcedony, water solu- 
tions are necessary. Further, the nature of the solution seems to be of 
critical importance in determining whether chalcedony and quartz will 
form in a given time interval, or whether amorphous silica or cristobalite 
will persist. While many different ions may affect the rate of transforma- 
tion, the experimental data suggest the presence or absence of chalcedony 
and secondary quartz in opaline, near-surface deposits may be primarily 
dependent on solutions of appropriate pH. 

Flérke (1955), Hoss (1957), and others consider that much opal is es- 
sentially disordered low-cristobalite. In a study of cherts, Hoss concludes 
that the sequence of changes is probably: amorphous silica (or opal), to 
cristobalite, to chalcedony (or microcrystalline quartz). Braitsch (1957) 
describes natural examples of the apparent conversion of cristobalite to 
chalcedony, and notes silica gel may change to cristobalite-opal or 
directly to chalcedonic material, or in some instances cristobalite-opal 
later changes to chalcedony. The experimental results are similar but 
suggest keatite also may be found associated with opal.and chalcedony. 

This study supports the concept that most chalcedony and chert are 
secondary products and require the former presence of gelatinous silica, 
silica glass, opal or cristobalite. The extensive work on transport and 
precipitation of silica by Krauskopf (1956, 1959) is in agreement with 
these conclusions. 

In the conversion, quartz may crystallize with submicroscopic holes be- 
cause of negative volume change. Disordered regions between crystallite 
interfaces also might be expected. Nucleation and growth, as shown by| 
the synthetic chalcedony, would generally start from a surface and pro- 
ceed to other parts of the material producing the typical fibrous and 
radial textures. 
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FLUORESCENT X-RAY SPECTROGRAPHIC 
ANALYSES OF AMPHIBOLITE ROCKS 
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AND 
CEeLEsTEe G. ENGEL, U.S. Geological Survey, University of 
California, La Jolla, Calif. 


ABSTRACT 


Fluorescent x-ray spectrographic analyses have been made for the oxides Fe2O;, CaO, 
MgO, K20, TiOz, and MnO on 27 samples of amphibolite rock. The amphibolites vary 
appreciably in mineralogical composition but all have a chemical composition approximat- 
ing that of a saturated basalt. Variations in mineralogy are from hornblende-andesine 
amphibolites to two pyroxene-labradorite-hornblende gneisses with 0.2 to 5.0 per cent 
opaque minerals. 

Mean deviations of the fluorescent x-ray spectrographic analyses from classical wet 
chemical analyses in per cent of the amount reported are: Fe2Os, 3.1; CaO, 1.3; MgO, 3.0, 
K,0, 3.2; TiOe, 3.2; and MnO, 7.7. Precision of the analyses is equivalent to, or better 
than, that achieved by wet chemica! methods. 

Preliminary work indicates equivalent precision can be obtained for most common 
rocks and minerals. 


INTRODUCTION 


This paper is a report on analytical studies of amphibolites (horn- 
blende, plagioclase, pyroxene-bearing rocks) using fluorescent «x-ray 
spectrographic analyses. An earlier report on these studies discusses the 
basic concept involved in fluorescent «-ray spectrographic analysis. Re- 
finements have been made in equipment and ihe technique has been modi- 
fied since that report (Chodos, Branco, and Engel, 1957). 

Our studies are based upon the obvious need for a rapid, relatively in- 
expensive method of obtaining precise and accurate chemical analyses of 
rocks and minerals. Costs and time factors have resulted in a serious re- 
duction in the number of analytical laboratories and of rocks and min- — 
erals analyzed by conventional chemical techniques. Moreover, in most — 
analyses that employ classical techniques, neither the precision nor accu-— 
racy of the data can be estimated; and the recent studies of the rocks G-1 
and W-1 have demonstrated the wide variations in values that may be re- 
ported for a given element in these rocks (Fairbairn, ef al., 1951). Attempts — 
to reduce the time and costs of silicate analyses include the so-called 
“rapid” method of chemical analysis developed by Shapiro and Brannock — 
(1952, 1956) and the emission spectrographic techniques formulated by ; 
Kvalheim (1947), Ahrens (1950), Dennen ef al. (1951), Dennen and — 
Fowler (1955), and others. Although the “rapid”? method of chemical — 
analysis is more rapid than classical procedures it remains a time consum=- : 
ing technique which requires an enormous amount of “dishwashing.” The | 
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uission spectrographic methods greatly reduce the time and costs of 
alyses but at too large a price in precision for the major elements. 

he fluorescent «-ray spectrographic analytical methods employed in 
is study permit the rapid determination of total Fe Mu, Ko Ti, Caand 
bz in rocks and minerals with a precision and accuracy as good as that 
tained by a single analyst using classical chemical methods and better 
an the precision among a number of different analysts (see Fairbairn, 
al., 1951). The standard working curves used for the determinations 
Kve been established by using the values from wet chemical analyses by 
j(G. Engel. These analyses also included the rock W-1 so that both wet 
femical analytical data and those obtained by fluorescent x-ray anal- 
2s might be keyed to the adjusted mean composition of W-1(Fairbairn 
$53). This comparison is particularly significant because the composi- 
n of the rock W-1 is very close to the composition of the amphibolites 
Ider discussion. 
s and Al can be determined by the fluorescent x-ray method but with 
ly limited success due to limitations in techniques and apparatus. 
y probably, precise determination of Si and Al can be obtained by 
zht improvements of the methods we are using. Values for Na may 
kobtained quickly and with considerable precision by use of the flame 
botometer. Separate determinations are required for the ratio of ferrous 
fferric iron and for total H,O. 


. Rock TYPE 


he present work has been confined to amphibolites and pyroxene- 
firing ‘‘amphibolites” which have the chemical composition of many 
salts. In so doing we have eliminated those problems that are inherent 
fluorescent x-ray spectrographic analyses of rocks of very diverse 
Ineralogy, chemical composition, and texture. Actually any rock or 
}neral may be analyzed by the fluorescent «-ray technique but best re- 
ts are obtained in analyses of a given rock or mineral for which stand- 
|! working curves have been constructed.* 
WChe range in chemical compositions of the amphibolites reported in 
Ms work are: Fe.03; 8-22%; CaO 7-13%; MgO 4-9%; K20 0.3-2.5%; 
I), 1-3%; and MnO 0.12-0.35%. ee 
Variations in mineralogical composition of the amphibolites are 
\wn in Table 1. Modal analyses of these rocks are being published sepa- 
2 ely in a study of the progressive metamorphism of amphibolite rocks by 
}gel and Engel. In general, the specimens A 1EF, A 3A, A 4D, A 14B, 


1* We have also prepared standard working curves for quartz-biotite-oligoclase gneisses 
} for the minerals garnet, biotite, and hornblende, with results equivalent to those re- 


‘ed in this paper. 


TaBLE 1. VARIATIONS IN MINERALOGICAL COMPOSITION OF AMPHIBOLITE ROCKS 
Usep IN FLUORESCENT X-RAY SPECTROGRAPHIC AND CHEMICAL ANALYSES 
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Mineral Range in volume per cent 
Quartz 0} 1629 
Plagioclase* WSIS 
Hornblende 12.4-69.6 
Clinopyroxene OR aha Or 
Orthopyroxene OQ —15rae 
Opaque mineralst 2= 5A 
Biotite OM 242s 
K feldspar OF 328 
Garnet O14 
Sphene Op. 4126 


* Partly sericitized. 
+ Chiefly ilmenite, pyrite, and magnetite. 


and A 15DE (Table 2) contain in volume per cent; hornblende 65, 
andesine 20, quartz 10, and opaque minerals 2. There are gradations in 
mineralogical composition between these rocks and the remaining speci 
mens in Table 2 which contain as much as 40% combined ortho- and 
clinopyroxene and as little as 12% hornblende. Sample A 9A is a garnetif- 
erous, pyroxene-rich ‘“‘amphibolite” with about 11% garnet 35% ortho- 
and clinopyroxene, 17% hornblende and 28% plagioclase. 

It is obvious from comparison of Tables 1 and 2 that these are fa 
greater variations in the mineralogical composition of the amphibolites 
than in their chemical composition. Iron displays the largest variation in 
concentration and occurrence among the samples analyzed. Total Fe (as 
Fe.O3) varies from about 8 to 22 weight per cent in the amphibolites and 
is an important constituent in hornblende, clino- and orthopyroxene, 
biotite, garnet, ilmenite, pyrite, and magnetite. Despite this diversity im 
the crystallographic distribution of Fe, its concentration in the rock can 
be obtained rather precisely by the fluorescent x-ray spectrographi¢ 
technique. 


SAMPLE PREPARATION AND PARTICLE SIZE 


All samples of amphibolites were reduced to —100 mesh as describe¢ 
elsewhere (Engel and Engel, 1958). These —100 mesh fractions were 
then split into two parts using a high purity aluminum micro-split. One 
part, of approximately 10 grams, was used for wet chemical analyses; the 
other fraction, about 5 grams, was ground to a very fine powder for u e 
in fluorescent x-ray analyses. 


TABLE 2. ComPaRISON OF WET CHEMICAL AND F LUORESCENT 
X-RAY SPECTROGRAPHIC ANALYSES OF AMPHIBOLITE Rocks 


/ The working curves shown in Fig. 1 to 6 were derived from the wet chemical analyses 
yen in this table. 


Oxide (weight per cent) 
Sample Type of Analysis 
Total F : 

asFe0, C20 MgO KO TiO: MnO 
| A 1EF Chem. 14.30 OBS3 aes 59) wails. OOU 150 ene? 
| X-ray 15.14 OTe s20" Sieh OEISG Ion 05 
| A3A Chem. deddy ets 7224 sole 1-20) e238 
X-ray 13-690" S126 9 7440. Ee Mie) ee: 
| A4D Chem. 12.53 OFA aye Si ae 200K FIFO 7 OO 
| X-ray 1328 O53 Same 00 Meee 25a Oe od 
X-ray* 12.92 OF38. E90) 2230 5 tiene 
| A 14B Chem. 19.21 atk, (STI te 31 
y X-ray 19.60 800, 94-3808 Ie Sie 2570 31 
A 15DE Chem. 16.34 Testy VROnVh SgbeSt) YONG 24 
| X-ray 15.98 Te (oe, oor rl 92 an 2:06 32 
LA 19A Chem. 13.58 ek IN Gap hye P20) 
X-ray 14.61 Oe ON ofp ORM EOYs 
X-ray* 13.90 S64 2766" 23 leap e E: 
} A 20A Chem. 12 AGE wle?> 8560) «e190 4293 20 
X-ray 12 (pee 12s SON elt) 1.86 20 
X-ray* 12925 = 10286) 2 OMOR 11873 1880 19 
A 21 Chem. 12.88 OF84 els 7 1267 1720 22 
X-ray 13.35 O68 >) ae 2Oe Weis 1223 24 
X-ray* 13.20 je 20. SIs Gu ad aol 24 
1 A65A Chem. 10.59 7296 GaSe Ne ye 58 malig 14 
| - X-ray 10.26 (293. 4.00) 1.34) 9 9168 13 
| A67A Chem. HOROU SN 61227 7a 6285 35 .99 20 
| X-ray {0157 wel?.c30 9 6.90 37 1.06 22 
X-ray* 10:42 12/45 6.91 36 = 1.04 22 
1.4 68 Chem. 15 Teme 7 e991 35a eee Ci 20 
X-ray (oe0se = 1109 S30. § 140) «12d 20 
A 104 Chem. 13e5 fe walle 68. 27,36 Aja t.60e) 125 
X-ray Geto, AU EE Serge AT 1,53 .23 
X-ray* 132685 eet 1.92 17240 Aye 5 3S 
25 

|. A 105 Chem. 13.78 11.96 7.43 Sime et 50 
X-ray 1307655" 12.7 7.10 50) 8 4.57 24 
| Moe 1 11292" -V746 Gish) ep eyo 25 
kee Lian i424 115950 27,48 59 1.40.23 
X-ray* 12.05 m 12.1k = Lens 780 12d 23 
0.01 - 95.46 PAT wet 2) Sie ROD 
AOA Chem. 21.06 1 aoe Pi 5 79 34 
X-ray 20.74 10.49 5 Wa 35 

X-ray* 20.81 10.67 Soe) 44 Js 


discussed in the text. 


: Mi i ition of the rocks is ‘ , 
Be eee) compostlo submitted under a different 


* A second split of the sample prepared by A. E. Engel and 
Jiber to test reproducibility of x-ray methods. 
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Analyses obtained by fluorescent «-ray spectrographic techniques may 
be strongly biased by alternate methods of preparation of samples and 
by the size of constituent particles. Some of these problems have been 
discussed by Claisse (1956). Because mineralogical composition and sur- 
face homogeneity strongly influences the behavior of the sample during 
x-ray analysis, precision may be increased by very fine grinding. Many 
grinding problems are presented by different rock types. Minerals such as 
sulfides and quartz are brittle and powder rapidly; others, such as mica 
are flexible and resistant to grinding. When all of these minerals coexist in 
a rock, the resultant powder may show a wide range in particle size that 
can be correlated with mineral composition. Relatively coarse flakes of 
mica ina very fine powder of other minerals may induce errors in the anal- 
ysis of mica-bearing rocks. Obvious analogies may be drawn from other 
rock types. 

The data in Fe are instructive as an example of the relationship of grain 
size to precision of analyses of elements. Iron occurs in sulfides and sili- 
cates (including biotite). Analyses of biotitic amphibolites ground to sue- 
cessively finer fractions below —100 mesh size show an increase in the 
Fe/Ca intensity ratio which does not level off until the flakes of biotite can 
no longer be resolved at X20 magnification. The increase in the ratio 
Fe/Ca with increased grinding below —100 mesh is from 0.58 to 0.70. 

All samples analyzed by the fluorescent x-ray spectrographic technique 
were ground in an automatic agate mortar until the entire sample ap- 
peared as a homogeneous powder at X20 magnification under a binocu- 
lar microscope. Measurements indicate that the average grain size is 
about 15 microns and the maximum: grain size does not exceed 45 mi- 
crons. Most of the non-biotitic amphibolites could be ground to this ap- 
proximate size in 2 to 4 hours. Biotitic amphibolites required from 4 to 10 
hours of grinding to reduce the biotite to this size. Similar time require 
ments have been recorded for other mica-bearing rocks. 


ANALYTICAL METHODS 


Each sample of amphibolite analyzed by classical chemical methods 
and by x-ray fluorescent spectrographic methods was handled as an un- 
known prepared by A. E. Engel. At the outset 15 amphibolites were ana- 
lyzed by C. G. Engel using analytical methods described in Engel and 
Engel, 1958. The precision of this analytical work was tested by the intro: 
duction of masked splits of the rock W-1 introduced as unknowns along 
with samples of amphibolites. The results of analyses of W-1 are tabulate¢ 
in Table 3 and compared with the adjusted mean composition of the rock 
W-1. They indicate for the elements given the reproducibility of the sili 
cate analyses by classical techniques and any major bias in the determina 
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‘on of the elements relative to the presumed composition of the rock 
/-1. Inspection of the chemical analytical data in Tables 2 and 4 indi- 
ates that the elements, Fe, Ca, Mg, Ti, K, and Mnas determined in the 
mphibolite are accurate relative to the presumed concentration in the 
bck W-1. This analytical work suggests that the analyses of amphibo- 
tes by classical methods may be used to construct standard working 
arves for the fluorescent «-ray analytical studies. 

Wet Chemical Analyses.—Determinations of CaO and MgO were done 
y conventional gravimetric methods employing a 1.0000 gram sample of 


| 
ABLE 3. REPLICATE CHEMICAL ANALYSES OF THE Rock W-1 MaAprE with ANALYSES OF 
AMPHIBOLITES AND INDICATIVE OF PRECISION OF ANALYTICAL METHODS 


(Analyst, C. G. Engel 
: Date Mean 
Oxide Mean* | devia- 
10/56 | 1/57 5/57 127 Si 1758 4/58 | 11/58] 4/59 5/59 | Mean tion 
De 1.05 | 1.09 1.09 1a Bs fea mut Lie 3 1.08, | 1.09 1.04 | 1.06 1.08 1.10 .02 
Htal Fe 10.84 
as 10.80 |10.74 | 10.76 | 10.86 = 10.65 = 10.84 = 10.80 | 11.17 ail 
wOs 10.88 
nO ay Puls) - 16 ely = sald, LG mii 5 ol(6} ally) - 165i) 300 
:e] 11.02 = = 11.00 = 10.90 cae 11.04 == 10.99 | 10.96 .03 
&O 6.55 — = 6.39 — 6.59 = 6.67 = 6.55 6.63 .08 
Ne) -68 -66 = .66 = .66 = .64 .67 .67 -63 04 
.69 


* Arithmetic mean of replicate analyses by 35 laboratories of the rock W-1 (see Fairbairn, 1953, table 1, 


45-147). 


ck. This weight of sample was fused in NazCO; ina platinum crucible 
d the fusion was dissolved in HCl. 

(Total Fe (as Fe:O3), TiO, and MnO were determined on a 0.4000 
am sample dissolved in a platinum crucible on a steam bath in sulfuric 
id hydrofluoric acids. The resulting solution was increased to 200-ml. 
lume with distilled water. Aliquots were taken to determine Fe,03*, 
(O., and MnO on the Beckman Model B spectrophotometer using the 
+thods described by Shapiro and Brannock (1956). Another aliquot of 


‘* Analyses of total Fe as FeO; made in this way were checked by 13 analyses with a 
ser reductor. In this method, iron from the R,Os; group, in a HCl solution, was reduced 
passing the solution down a column of metallic silver. The determinations of Fe2O3 that 
eed about 12 weight per cent that are made on the spectrophotometer require a saturate 
ation of orthophenanthroline. A 0.1% solution of orthophenanthroline is satisfactory 
bre concentrations of FeO; do not exceed about 12%. 


126 A. A. CHODOS AND C. G. ENGEL 


TABLE 4. COMPARISON OF WET CHEMICAL AND FLUORESCENT X-Ray SPECTROGRAPHIC 
ANALYSES IN WHICH THE SAMPLES WERE RUN AS UNKNOWNS FOR BotH ANALYSTS 


The analyses are of amphibolite rocks similar in chemical and mineralogical composi- 
tion to those in Table 2. 


Oxide (weight per cent) 
Type of 
Sample analysis Total Fe , 
as Fe.O; CaO MgO K:0 TiO: MnO 

AE 317 Chem. GRAS 11.49 7.45 1.20 aha ly os) 
X-ray 13.20 Les) (esti 1223 ite 23 23 
X-ray* NSe ie 11229) 7.48 beg? 12S “29 
AE 326 Chem. 15.86 9.54 6.29 94 2205 24 
X-ray 16.08 9.81 6.30 94 2.14 .26 
X-ray* 16.10 9.84 6.48 96 Deis .26 
AE 334 Chem. 16.49 9.74 6.32 88 Za .29 
X-ray 16.40 9.84 6.45 92 DAS 229 
AE 337 Chem. 15.98 9.54 6.51 .98 2.07 2 
X-ray 16.00 9.76 6.40 99 2.07 eat 
AE 338 Chem. 15.63 9.71 6.04 99 2.04 25 
X-ray 16.20 9.84 n.d. 95 2.04 25 
AE 320 Chem. 8.84 7.78 5.49 Zeist Let 15 
X-ray 8.60 7.67 6.20 2.05 127 13 
X-ray* 8.64 ests 6.00 2.06 1227 12 
AE 411 Chem. 11.91 n.d. merce 1.76 1.76 12 
X-ray 11.80 8.40 5.67 1.66 Let 14 
AE 414 Chem. 8.84 n.d. n.d. 1.89 1.76 12 
X-ray 8.74 7.10 5.40 1.92 1.28 10 
AED 404 Chem. 12.44 11.90 8.20 60 94 22 
X-ray 12.18 11.98 8.04 65 1.04 20 
AC 342 Chem. 15.67 10.65 6.99 SiS 1.69 24 
X-ray 15.60 10.79 7.00 ae Ryall 25 
AC 348 Chem. 14.78 11.46 7.40 58 iets: 24 
X-ray 14.67 11.65 7.34 58 1.78 we) 
X-ray* 14.55 109 7.56 59 We fh .23 
AC 362 Chem. 14.91 10.92 7.38 47 1.66 24 
X-ray 1LiSye, bil 11.37 7.38 47 1.74 25 
X-ray* 14.95 2d 7.14 46 1.68 25 


Note: Mineralogical composition of the rocks is discussed in the text. 
A second split of the sample prepared by A. E. Engel aud submitted under a different 
number, to test reproducibility of a-ray methods. 


this same solution was used to determine K2O and Na2O on the Perkin- | 
Elmer flame photometer. 

Fluorescent X-Ray S pectrographic Technique—The finely ground rock 
(or mineral) powder is pressed into the sample aperture of a standard | 
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brelco sample holder (Zytel boat) and the surface of the powder is 
oothed off. After some practice it is possible to make highly reproduci- 
: packs of each sample. Tests show that samples prepared by two prac- 
, d technicians will yield analytical results which agree within 1%. This 
ple preparation is used for the analysis of Fe, Ca, Mo Ke timand 
- As noted below, a modification of this technique is required to 
Neve adequate precision in the analysis of Si and Al. 
he sample holder is inserted into the x-ray spectrograph and the 
niometer is set at the proper angular position necessary to measure the 
uk of the desired elements. This peak position is previously deter- 


med by a stepwise scanning of the approximate region in which the 
| 
a 5. OPERATING CONDITIONS FOR FLUORESCENT X-RAY SPECTROGRAPHIC ANALYSES 


Pulse height Back- ‘ ; Counts 
¢ Peak $ Counts ; 
eat | Crystal | FPC* v analyzer Element ert ground poe back- 
| —| peak °9 9 location (iguanas) ground 
Base v Window v 206) (thousands) 
EDT 1825 == == Ka 25.45 = 500 = 
An EDT 1660 4 9 Ka 27.65 28.75 20 5 
EDT 1750 10 12 Ka 36.46 == 50 = 
EDT 1825 = = Ka 44.89 = 100 = 
EDT 1750 7 9 Ka SOSS = 20 = 
EDT 1825 5 8 Ka 108.10 = 100 4 
EDT 1825 5 Ka 142.63 = 50 = 
g ADP 1825 6 Ka 136.90 135.5 10 1 


** Flow proportional counter. 
Note: EDT (ethylene diamine D-tartrate). 
ADP (ammonium dihydrogen phosphate). 


tk occurs. A crystal of ammonium dihydrogen phosphate (ADP) is 
d for the analysis of Mg; all other elements are obtained by use of a 
sstal of ethylene diamine D-tartrate (EDT). After appropriate crystal 
1 instrumental conditions are chosen, a measurement is made of the 
we required to accumulate a specific number of counts. The number of 
ints which must be made for each element is a function of the pre- 
on of measurement required for that element. Background readings 
made for those elements which require them by counting at some dis- 
ce from the peak location (Table 5). Counting times are calculated to 
ints per second (cps) and the background intensity is subtracted from 

peak intensity to yield the net peak intensity. The int ensity values 
ained for the standard samples are plotted against weight per cent of 
‘element to obtain the calibration curves as shown in Figs 1 to 6 inclu- 
>, Values for the unknowns are obtained by interpolation from the 
[bration curves. This procedure permits the determination of the 
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Fics. 1-6. Calibration curves for fluorescent x-ray analysis. 
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x elements: Fe, Ca, Mg, K, Ti, and Mn, in approximately one-half 
pur. 
Initial phases of our fluorescent «-ray spectrographic studies were begun 
ith a Norelco x-ray spectrograph, using its standard electronic panel 
id a Baird-Atomic pulse height analyzer. It soon became apparent that 
‘e desired electronic stability necessary to obtain reproducible values 
rer extended periods could not be obtained with the original electronic 
inel. Accordingly, an electronic system was constructed from standard 
mponents by our colleague E. V. Nenow. The equipment used is com- 
ercially available and is listed in Table 6. One of the principal modifica- 


TABLE 6. EQUIPMENT FOR FLUORESCENT X-Ray SPECTROGRAPHIC ANALYSES 


Norelco standard x-ray spectrograph equipped for helium atmosphere 
Helium flow rate 2 liters/minute 

FA-60 tungsten target «-ray tube 

50 KV and 35 ma 

Flow proportional counter 

P-10 gas flow rate 0.02 cu. ft./hr. (air) 

EDT and ADP analyzing crystals 

0.02” 3” collimator 

Baird-Atomic model 219A preamplifier 
Baird-Atomic model 218 linear amplifier 
Baird-Atomic model 510 pulse height analyzer 
Hamner model N401 high voltage power supply 
Baird-Atomic model 134 high speed scaler 
Nuclear-Chicago model 1620 rate meter 
Norelco interval timer 

Leeds and Northrup model G recorder 


ns was intended to increase the stability needed for pulse height anal- 
ks for light elements. The original system had a pulse height drift of 
veral volts per day. The addition of a high voltage stabilizer, stable to 
1s or minus 0.01 per cent, decreased this daily drift to less than 0.5 
Its per day, and the drift per week on the order of 0.2 volts. This drift 
Ly be ignored. 

[nitial analytical techniques emphasized speed and simplicity and used 
ly the crystal of ADP as required for analyses of Mg. Use of the ADP 
rstal is not desirable in the analysis of Siand Al inasmuch as phosphorus 
m the crystal contributes to the background. The high background in- 
‘ases abnormally the counting times necessary for desired precision 
also decreases the reliability of the results. Recently a crystal inter- 
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” 
changer has been developed which will permit the rapid change froma 
crystal of ADP to one of EDT without either shutting off the x-rays or 
opening the helium bag. The crystal of EDT is used for all elements | 
other than Mg. | 

The pulse height analyzer is not used for determinations of Fe and Ca. 
because there are no interfering lines and the intensity is sufficient to | 
completely eliminate the need for background readings. In the analyses 
for K, Ti, and Mn, the pulse height analyzer settings were such that more 
than 95% of the energy of the element lay within the chosen energy 
range. The settings for Mg are chosen so as to exclude the maximum pos- 
sible phosphorus energy. This asymmetric setting of the pulse height 
analyzer is made possible by the use of the stable electronic components 
added by Nenow. The conditions under which measurements were made 
are also listed in Table 5, although it must be remembered that these are 
unique to the apparatus as modified by Nenow. 

Both the electronic components and the gas flow to the flow propor- 
tional counter are allowed to run continuously. During periods of anal- 
ysis references are made every hour to a standard rock slab to check in- 
tensity and pulse height. During the warmup period of the equipment 
sight adjustments are made in the milliamperes to keep the intensity at a 
constant value. 

The methods of analysis described above fal! short of achieving desir- 
able precision for Siand Al. Analyses of silica are accurate only to within 
about 3-5% of the amount present and for alumina only to about 5-10% 
of the amount present. This precision obviously does not compare favor- 
ably with results obtained by careful wet chemical analyses. Presumably 
serious matrix affect reduces the precision of analyses of Si and Al as indi- 
cated by the scatter of determinations on our calibration curves. At- 
tempts to compensate for matrix effects by the use of ratios of the ele- 
ments have proved unsuccessful. 

Probably adequate analyses of Si and Al require fusion of the samples. 
Various alternative methods of fusing samples were tried with limited 
success. Best results to date have been obtained by sintering one part 
with one part sodium carbonate. Analyses of freshly sintered samples 
appear to be quite precise but the sinter appears to be unstable and there 
is considerable difficulty in reproducing identical sinters of the same 
sample. : 

The borax fusion technique described by Claisse (1956) is not entirely 
adequate because of the loss in intensity of the light elements due to the 
large dilutions of the sample. At present we are experimenting with types 
of borax fusions which vary in detail from those described by Claisse. 
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ANALYTICAL RESULTS 
_ Results of analyses of amphibolites, using both fluorescent «-ray 
}pectrographic and chemical techniques are shown in Tables 2 and 4. In 
Table 2 each of the analyses labelled “chem” represents the results of 
wet chemical analyses by C. G. Engel. As noted previously these anal- 
rses were used to construct the working curves reproduced in Figs. 1 to 
). The fluorescent x-ray analyses of these same samples are labelled 
‘x-ray’? in Table 2. 

_ Comparisons of the two types of analyses indicate the deviation in- 
rolved. The mean and maximum deviations respectively of the x-ray 
inalyses from the chemical analyses in per cent of the amount reported 
ire as follows: Total Fe as Fe20; 3.1, 7.6; CaO 1.3, 6.4; MgO"3.0; 9:3; 
c.0 3.2, 7.4; TiOz 3.2, 10.3; and MnO 7.7 and 33.3. The deviations tend 
‘0 be fairly symmetrically distributed on either side of the chemical anal- 
rses. The mean and maximum deviations in every instance are as small 
iC smaller than deviations in analyses by classical chemical techniques 
vhere different analysts are involved. There has been little testing of the 
precision of a single analyst over long periods of time using classical 
nethods. 

X-ray analyses marked with an asterisk in Table 2 represent analyses 
nade at a much later time of identical splits of 8 of the samples. Com- 
sarison of these numbers with the earlier «-ray data in Table 2 indicate 
recision over a 4 month time interval. The mean and maximum devia- 
ton respectively of x-ray analyses of the same samples at 4 months 
atervals are as follows: total Fe as Fe2.O3; 2.1, 4.9; CaO 1.3, 2.6; MgO 1.4, 
47; K20 7.9, 32.4; TiO, 2.3, 6.7; and MnO 2.0, 7.7. 

Analyses in Table 4 are of samples first run by a-ray methods and 
hecked by subsequent wet chemical analyses. A second split was made of 
of the samples and submitted for x-ray analyses under a separate num- 
er. This second split was run at the same time and serves as a test of 
recision of the fluorescent «-ray analytical method where there is no 
Ime variance. 

The chemical analyses obtained after the «-ray data were made on 
1asked samples prepared by A. E. Engel so that the analyst did not 
now the identity of the sample. Duplicate «-ray analyses of any sample 
ields essentially identical results. Accordingly, where two x-ray anal- 
ses have been made of any sample, the results have been averaged in 
1e comparison made below. The mean and maximum deviation of the 
-ray analyses from the chemical analyses in per cent are as follows: 
ytal Fe as Fe,O; 1.2, 3.7; CaO 1.8, 3.4; MgO 2.6, 11.1; KeO'3.3, 6.55 uO 
0, 27.3; MnO 7.6, 16.7. With the exception of data from several samples 
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(notably 414, 320), the data in table 4 are very comparable with those in 
Table 2. Samples AE 320 and AE 414 are biotitic amphibolites in which 
the flakes of biotite were not reduced to a uniformly small size. This 
spread in grain size with relatively coarse biotite in a finer matrix ap- 
pears to be the cause of the rather large errors reported for TiO2, MnO, 
and MgO. ‘These results again emphasize the need for fine grinding of the 
sample to achieve precise analytical results. 


CONCLUSIONS 


Analyses of rocks and minerals attempted to date point up major ad- 
vantages and disadvantages to the «-ray techniques we have employed. 
It is obvious that where working curves are available x-ray methods per- 
mit a rapid analysis and comparison of the compositions of large numbers 
of samples where data on Fe, Ca, Mg, K, Ti, and Mn are critical. 

It is equally obvious that there are important limitations to this 
method of x-ray analysis. Commonly, solution of mineralogical and 
petrologic problems requires the determinations of Si, Al, Na, H2O, and 
the valence states of Fe, and so on. These data cannot be obtained with 
the equipment and techniques described earlier. At present the most 
satisfactory method is the classical gravimetric technique. 

The working curves necessary for x-ray analyses must be prepared by 
an independent method having a high degree of precision. Moreover, the 
best working curves usually are obtained on either rock or minerals 
where there is a rather large continuous variation in chemical composi- 
tion without major changes in crystal structure (7.e., matrix differences). 
For this reason working curves prepared for granites are not wholly satis- 
factory for the analyses of clays or for feldspars. In effect, the a-ray 
technique must be supplemented and constantly rechecked by either wet 
chemical analysis or some other independent, precise analytical method. 
We have found (Engel and Engel, in preparation) «-ray techniques in- 
valuable as a supplement to classical methods of analysis for a chemical 
reconnaissance of the concentration of heavy elements in both minerals 
and rocks. Presumably this is at present where the chief value of the x- 
ray technique lies. 
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TITANOMAGHEMITE IN IGNEOUS ROCKS 


Takasu Katsura, Tokyo Institute of Technology 
AND 
Ixvo Kusutro, Geological Institute, University of Tokyo. 


ABSTRACT 


Titanomaghemite, an oxidized titanomagnetite having compositions near the TiFeO;- 
FeO; join or even within the TiFe,0;-TiFeO;-Fe.O; triangular field in the system TiO2- 
FeO-Fe.O3, has been found in some Japanese igneous rocks. Microscopically the mineral 
can be distinguished from titanomagnetite by its bluish gray color in reflected light and 
the abundance of cracks. Titanomaghemite so far observed occurs largely in rocks in which 
olivine and hypersthene are partially or completely altered to chlorite and serpentine, but 
it occurs also in some unaltered lava flows. It is concluded that titanomagnetite crystalliz- 
ing from magma is oxidized to produce titanomaghemite under a certain condition which 
may be easily obtained during the cooling process. It is not necessary to consider the special 
solid solution series between y-FeTiO; and Fe;O, in order to explain the formation of 
titanomaghemite in igneous rocks. The titanomaghemite possesses vacancies of two or 
three metal ions in a unit cell. The lattice parameters vary with the ratios Fe/(Fe+-Ti) 
and 32(Fe+Ti)/0, and range from 8.359 to 8.419 A. 


INTRODUCTION 


Titanomagnetites in igneous rocks are generally considered to have 
compositions within a triangular field TiFeO;-TiFe2O,-Fe;O, in the sys- 
tem TiO.-FeO-Fe.0;. Their compositions are explained as belonging 
either to the TiFe2O,-Fes3O, solid solution or to the y-TiFeO3-Fe3O, solid 
solution (Chevallier and Girard, 1950; Vincent ef al, 1957). However, 
some titanomagnetites have compositions outside of the triangular field, 
lying even near the TiFeO 3-Fe2O 3 join. Such compositions cannot be ex- 
plained by the two simple solid solution series. Recently, Akimoto and 
Katsura (1959) discussed the origin of the titanomagnetites outside the 
triangular field TiFeO s-TiFe,O.-Fe;O0, on the basis of their experiments 
(Akimoto, Katsura and Yoshida, 1957) and concluded that they were 
formed by oxidation of the normal titanomagnetite belonging to the 
TiFe:,Oy-Fe3O, solid solution. But they did not discuss the extent to 
which the spinel phase can exist as a single phase. Basta (1953; 1959) 
named the titanomagnetites having compositions close to the TiFeO3- 
FeO; join and the TiO.-FeOs join the ‘“‘titanomaghemites” and also con- 
cluded that they were formed by oxidation of the titanomagnetite of the 
y-TiFeO3-Fe3;O0,4 solid solution. 

Titanomaghemite in igneous rocks has been described only rarely. 
Frenzel (1953) reported maghemite (titanomaghemite) in shonkinite in 
Katzenbuckel in Odenwald. Basta (1959) summarized the titanomaghe- 
mites in South Africa which were early investigated by Wagner (1928), 
Walker (1930), Frankel and Grainger (1941) and Schwellnus and 
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TaBLeE 1. DEscCRIPTIONS OF TITANOMAGHEMITE-BEARING Rocks 


Rock 


Locality 


Main constituent minerals (titanomagnetite 
is replaced by titanomaghemite) 


Olivine analcite 
dolerite (sheet) 


Quartz-bearing oli- 
vine titanaugite 
dolerite (sheet) 

Olivine andesite 
(dike) 


Dacitic welded tuff 


Olivine titinaugite 
dolerite (sheet) 
Augite hypersthene 
andesite (lava 

flow) 


Olivine augite an- 
desite (lava flow) 


Scoria 


Augite hypersthene 
andesite (lava 
flow) 

Augite hypersthene 
andesite (lava 
flow) 


Ferrogabbro (cone 
intrusion) 


Atumi, western coast of 
Yamagata Pref. 


Kingosi in Sidara Basin, 
Aiti Pref. 


Orimoto-toge in Sidara 
Basin, Aiti Pref. 


Kogasira, 8 km. NW of 
Kagosima, Kagosima 
Pref. 

Warabidaira, 20 km. SSW 
of Kohu, Yamanasi Pref. 

Central cone of Hakone 
Volcano, Sizuoka Pref. 


North-western caldera wall 
of old somma of Hakone 
Volcano, Sizuoka Pref. 

North-western caldera wall 
of Hakone Volcano. 

Usami, eastern coast of 


Izu Peninsula, Shizu- | 


oka Pref. 
Iwanuma, 20 km. S of 
Sendai, Miyagi Pref. 


Skaergaard in Greenland 


Olivine (altered), titanaugite, plagioclase, ti- 
tanomagnetite, ilmenite, zeolite, hyper- 
sthene (partially altered). 

Olivine (altered), titanaugite, plagioclase, ti- 
tanomagnetite, ilmenite, quartz. 


Phenocrysts; olivine (partially altered), au- 
gite, plagioclase, titanomagnetite, ilmenite. 
Groundmass: plagioclase, titanomagnetite, 
olivine, augite, glass. 

Phenocrysts; hypersthene, plagioclase, quartz, 
titanomagnetite, biotite. 


Olivine (altered), titamaugite, plagioclase, il- 
menite, titanomagnetite, zeolite. 

Phenocrysts; augite, hypersthene, plagio- 
clase, titanomagnetite. Groundmass; pla- 
gioclase, titanomagnetite, augite, hyper- 
sthene, glass. 

Phenocrysts; olivine (mostly altered), augite, 
plagioclase. Groundmass: augite, plagio- 
clase, titanomagnetite, glass. 

Phenocrysts; plagioclase. Groundmass: pla- 
gioclase, titanomagnetite, glass. 

Phenocrysts; augite, hypersthene, plagioclase, 
titanomagnetite. Groundmass: plagioclase, 
hypersthene, augite, titanomagnetite. 

Phenocrysts; augite, hypersthene, plagio- 
clase, titanomagnetite. Groundmass: plagi- 
oclase, hypersthene (partially altered), ti- 
tanomagnetite, glass. 

Olivine, augite, titanomagnetite (quartz), 
(hypersthene). (After Wager and Deer, 
1939). 


'Willemse (1943). In this paper, titanomaghemite is defined as a mineral 
‘with the spinel structure having a composition close to the TiFeO3-Fe20s 
join or within the TiFe.O;-TiFeO3-Fe2O; triangular field in the Ti0O2- 
|[FeO-Fe20; system. This mineral was first found by the present authors 
in dolerite of Atumi, Yamagata Pref., northern Japan and in welded-tuff 
of Kogasira, Kagosima Pref., Kyisyi. Afterward, they also found it in 
dolerites of Sidara and Warabidaira and in several andesite dikes and 
lavas of Izu-Hakone district and Sidara in central Japan. It appears 
that titanomaghemite is not a rare mineral in igneous rocks. The mineral 
will be found commonly in both intrusive and extrusive rocks, if the 
reflection microscope is more widely used and chemical analysis made 
on iron oxide minerals. In the present paper, the mode of occurrence 
of titanomaghemite in igneous rocks is described, its physical and chemi- 
cal properties are given and are compared with the previous data. 
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MopbrE OF OCCURRENCE OF TITANOMAGHEMITE 


Titanomaghemite-bearing igneous rocks so far investigated are the 
dolerites of Atumi and Warabidaira, the dolerites and andesite of Sidara, 
the lavas of Izu-Hakone and Iwanuma, the welded-tuff of Kogasira, 
scoria of Hakone and gabbro of the Skaergaard complex in Greenland. 
Brief descriptions of the host rocks are given in Table 1. In these rocks, 
titanomaghemite replaces partially or completely titanomagnetite. 

Titanomaghemite in the Atumi dolerite which has been studied by one 
of the authors (Kushiro, 1959) occurs in olivine-analcite-dolerite of 
Kayaoka Sheet and analcite-syenite in Sumiyosizaki Sheet. The dolerite 
and syenite have been subjected more or less to hydrothermal alteration 
as inferred from the existence of altered olivine, hypersthene and plagio- 
clase. Titanomaghemite 1003, No. 1 in Table 3, which has been analyzed 
and observed in detail was separated from the surface of the dolerite, 55 
m. above the base of the Kayaoka Sheet. The chemical composition of 
this dolerite is given in Table 2, No. 1. The dolerite is situated near the 
center of the sheet where hydrothermal solution may have been concen- 
trated at the later stage of magmatic differentiation. Furthermore, the 
surface of the dolerite has suffered more or less weathering. In this case 
titanomaghemite replaces titanomagnetite almost completely. 

Titanomaghemite 2403 in olivine-andesite dike of Orimoto-toge in the 
Sidara basin, No. 3 in Table 3, has been partially analyzed. It occurs in 
the central part of the dike as both phenocrysts and in the groundmass. 
The degree of replacement of titanomagnetite by the titanomaghemite 
decreases towards the margin of the dike. Olivine associated with the 
titanomaghemite is partially or completely altered to carbonate. It is 
supposed that the central part of the dike has been permeated by hydro- 
thermal solutions or by volatiles. The chemical composition of the central 
part of the dike is given in Table 2, No. 3. 

Titanomaghemite 2502-6 in olivine-titanaugite-dolerite of Kingosi in 
the Sidara basin, No. 2 in Table 3, occurs near the margin of a sheet. It is 
associated with chloritized olivine. The relation between the existence of 
the titanomaghemite and unstable magnetization of this sheet has re- 
cently been discussed (Akimoto and Kushiro, 1960). The chemical com- 
position of this dolerite is given in Table 2, No. 2. 

In ferrogabbro of the Skaergaard intrusion of which samples were 
kindly offered by Drs. Uyeda and Akimoto, a small amount of titano- 
maghemite replaces titanomagnetite along the cracks and the boundary 
of ilmenite lamellae. The titanomagnetite has fine exsolution lamellae of 
ulvéspinel. The composition of the titanomagnetite in the ferrogabbro 
given by Vincent and Phillips (1954) should be corrected in view of the 
presence of the titanomaghemite. 
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TaBLe 2. CHEMICAL Compositions or Host Rocks 


No. 1 No. 2 No. 3 No. 4 
SiO» 49.03 50.74 56.69 71.64 
TiO: 1.48 Ly 0.88 0.43 
ALO; 17.43 15.76 16.43 14.88 
FeO; 2.89 4.74 1.30 1.83 
FeO Sp. 4.64 7.07 0.50 
MnO 0.15 0.14 0.18 0.01 
MgO 6.07 4.25 1.63 0.15 
CaO 6.25 8.15 4.69 2.10 
Na.O 4.45 3.34 4.70 3.95 
K,0 1.95 0.99 156 3.30 
HO(—) 1.18 2.81 0.20 0.35 
H.0(+) 3.60 0.86 0.50 0.98 
P.O; 0.31 0.26 0.42 0.10 
CO; 0.05 125 4.02 0.02 
Total 100.16 99.68 100.29 100.24 


No. 1. Olivine-analcite-dolerite 1003, Atumi. 

No. 2. Olivine-titanaugite-dolerite 2502-6, Kingosi. 

No. 3. Olivine-andesite 2403, central part of the dike, Orimototoge. 
No. 4. Dacitic welded-tuff HK53051602, Kogasira. 


TABLE 3. CHEMICAL COMPOSITIONS OF TITANOMAGHEMITES 


. No. 1 No. 2 No. 2-a No. 3 No. 4 No. 3-a | No. 3-b 

« FeO 11.89 20.25 19.89 15.98 14.84 33.32 45.02 
MgO 0.45 n.d. n.d. n.d. 0.35 n.d. n.d. 
MnO 229 0.99 n.d. n.d. 0.81 0.76 n.d. 
CaO 1R58 n.d. n.d. n.d. 0.05 n.d. n.d. 
FeO; 56.53 45.94 42.76 41.91 66.97 35.02 29.60 
AlOs3 1.94 n.d. nde n.d. ESS n.d. n.d. 
V203 Ons 0.53 0.41 0.17 0.38 0.15 Oet2 
TiOz 22.63 26.92 20.95 25.45 13.83 20.82 18.63 
SiO» 2.01 0.78 7.30 n.d. 0.87 BrSo n.d. 
P20; 0.00 0.00 n.d. n.d. 0.01 n.d. n.d. 
Total 100.05 95.41 91.31 83.51 99.64 93.42 | 93.37 


No. 1. Titanomaghemite from olivine-analcite-dolerite 1003, Atumi. 

| No. 2. Titanomaghemite from olivine-titanaugite-dolerite 2502-6, Kingosi. 

I) No. 2-2. Titanomaghemite from another part of the same sheet as No. 2. 

No. 3. Titanomaghemite from the central part of the dike 2403, Orimototoge. 
No. 4. Titanomaghemite from dacitic welded-tuff HK53051602, Kogasira. 
No. 3-a. Titanomagnetite from the margin of the dike 2403, Orimototoge. 

No. 3-b. Titanomagnetite from the margin of the dike 2403, Orimototoge. 
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In most cases, if not all, the titanomaghemite occurg in more or less 
altered rocks in which olivine and hypersthene are partially or com- 
pletely altered to chlorite, serpentine and other minerals. This indicates 
that most titanomaghemite has been formed by the reaction of hydro- 
thermal solutions or volatiles with titanomagnetite primarily formed 
from magma. Though the minimum oxygen partial pressure necessary to 
oxidize titanomagnetite at a given temperature is not known, the hydro- 
thermal solutions or volatiles derived from magma may be able to oxidize 
titanomagnetite. From the fact that the amount of titanomaghemite in- 
creases towards the weathered surface of the Atumi dolerite, it is sug- 
gested that some titanomaghemite may have been formed by weathering. 

It must be noted that titanomaghemite occurs in some apparently un- 
altered lava flows. In this case, the volatiles or solutions may have at- 
tacked only the titanomagnetite, but not silicate minerals. 

It is suggested that titanomaghemite and the transitional variety be- 
tween titanomaghemite and TiFe:O,-Fe;O, solid solution are common in 
intrusive as well as extrusive igneous rocks. 


OBSERVATIONS WITH MICROSCOPE 


In thin section titanomaghemite is opaque, and in polished section it is 
isotropic and shows intermediate reflectivity between those of titano- 
magnetite and hematite. The color is bluish gray for the extremely 
oxidized one which has composition near the TiFeO3-Fe2QO3 join or in the 
triangular field TiFe2O5-TiFeO;-Fe.O3; in the system TiO.-FeO-Fe2Os. 
The difference in color between titanomagnetite and titanomaghemite is 
emphasized by using oil immersion lens. In most cases, titanomaghemite 
develops from the margin or cracks of titanomagnetite grains. The 
boundary between them is generally sharp but complete gradation is 
sometimes observed. Titanomaghemite often shows irregular cracks. 
Figure 1 shows gradual change from titanomagnetite to titanomaghemite 
as revealed by the gradual change in color and in the number of irregular 
cracks. The analyzed titanomaghemites are generally homogeneous but 
occasionally contain small amounts of titanomagnetite in the inner parts 
of some grains which are considered as unoxidized parts of the original 
titanomagnetite. The titanomaghemites from the Atumi and Kingosi 


dolerites contain ilmenite exsolution lamellae less than about 4%. Hence ~ 
the chemical compositions of the titanomaghemites must be slightly — 


different from those suggested by the analyses. 


MeTHops OF SEPARATION AND CHEMICAL ANALYSIS 


The separation of titanomaghemites was carried out by the same ~ 


method as described in a previous paper (Akimoto and Katsura, 1959) 
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Fic. 1. Titanomaghemite in olivine-analcite-dolerite 1003, Atumi. Gradual change 
irom titanomagnetite (right) to titanomaghemite (left) is revealed by the increase in 
ceflectivity and in the number of cracks. The unit line at lower right indicates 0.1 mm. 


>xcept titanomaghemite No. 2 in Table 3. Specimen No. 2 is very fine 
rrained and could not be separated by the same method. Therefore it was 
purified as follows: 1 gm. of the titanomaghemite roughly separated was 
\uspended in 50 ml. of water held in a platinum dish, then half a ml. of 
aydrofluoric acid (45%) was added, and the mixture was stirred vigor- 
rusly. After 5 minutes, a hand magnet was attached to the dish at the 
oottom from outside in order to fix the ferromagnetic deposit and the 
‘olution was removed by decantation. The ferromagnetic fraction thus 
kbtained was washed several times with dilute hydrochloric acid. The 
rurification was thus nearly complete as will be seen by the low SiO» con- 
ent. The chemical analysis of titanomaghemites was made by the 
nethod devised by Iwasaki, Katsura, Yoshida and Tarutani (1957). The 
wrecision and accuracy of this analytical method are sufficient for the 


'resent study. 


CHEMICAL COMPOSITIONS OF TITANOMAGHEMITES 


Chemical compositions of the titanomaghemites separated from the 
iapanese igneous rocks are shown in columns Nos. 1, 2, 3-a, 3 and 4 of 
‘able 3. In the last two columns of the same table, compositions of un- 
xidized titanomagnetite and of fairly oxidized titanomagnetite in the 
ike from Orimoto-toge, Sidara are given for comparison with that of 
itanomaghemite No.3. Nos. 3-a and 3-0 are from the margin of the dike 
thereas No. 3 is from the center of the same dike. A gradual increase in 
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° 
TaBLe 4. MOLECULAR PRoporTIONS OF OxipEs, ATomic Ratios OF Fe AND Ti, 
LATTICE PARAMETERS AND CURIE TEMPERATURES OF TITANOMAGHEMITES 


No. 1 No. 2 No. 2-a No. 3 No. 4 
Mol. % 
FeO 20.62 31.09 34.31 27.69 26.06 
Fe.0; 44.10 31.74 33.19 32.67 52.56 
TiO» 35.28 Sail 32.50 39.64 21.38 
Atomic ratio 
Fe/(Fe+Ti) OnS9 0.718 0.756 0.701 0.860 
32(Fe+Ti)/O 20.63 21.01 21.43 20.71 PAV ss: 
Mol. % 
FeO ) 
MgO}RO 23.93 — — — OFA3 
MnO] 
Fe.03 43.48 — — — 52.19 
AlkO;7 R2Os 
V2.0; 
TiO: 32.59 — — = 20.68 
Atomic ratio 
R/(R+7i) 0.773 = == = 0.864 
32(R+Ti)/O 20.96 — — = 21.64 
Lattice parameter (A) 8.359 8.405 8.419 8.373 8.360 
(8.394) (8.470) (8.430) 
Curie temperature (° C.) 460 580. 520,560 430 545 


Nos. are same as those in Table 3. The lattice parameter values in parentheses are those 
of the titanomagnetites present in small amount. Curie temperatures are determined by the 
extrapolation of thermomagnetic curves for the heating process. 


the degree of oxidation is recognized in the order No. 3-b—No. 3-a— 
No .3. 

The SiO: content in the specimens is due largely to pyroxene and feld- 
spar. The presence of small amounts of such impurities obviously intro- 
duces a slight error in the calculation of the titanomaghemite composi- 
tions, but inthe following calculations the silicate compositions are not 
subtracted from the analyses. Table 4 shows the molecular proportions” 
and atomic ratios of the analyzed titanomaghemites. RO means the sum 
of FeO, MgO and MnO, and R2O; that of Fe2O3, AloO3; and V2O3. The 
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difference between the ratios FeO: Fe2O3: TiO. and RO:R,O3: TiO» is 
small as shown in Nos. 1 and 4 of Table 4, and is insignificant for ne 
interpretation of the relation between chemical compositions and phys- 
ical properties of titanomaghemite. The value of 32(Fe+ Ti)/O 
(= 32(Fe**-++ Fe*++ Ti)/O) which is a measure of the degree of oxidation 
ranges between 24 and 23 in the titanomagnetites from volcanic rocks 
{Akimoto and Katsura, 1959), whereas the value for the titanomaghe- 


TiO, 
Ti, FeOs 
TiFeO; . oe TiFe,0; 
\ ib) Sea 
‘a foe 03 
=A 2 & 
TiFe,04 Mf 
(A) \ 2-a v 
©°e rn o> 9 0 
ee x e is 0 
®o 
‘ah 
ee 
“ e 
Feo™ ( 
Fe,0,(E) Fe,0, 


(F) 


Fic. 2. Compositions of titanomagnetites and titanomaghemites in molecular per cent 

FeO, FeO; and TiO:. Solid circles represent titanomagnetotes (data from Akimoto 
ad Katsura, 1959). Open and half solid circles represent titanomaghemites from Jap- 
aese rocks and from South Africa respectively. (Data for latter from Basta, 1959.) The 
umbers refer to those in Tables 3 and 4. 


iites listed in Table 4 ranges from 20.6 to 21.6. Thus in the titanoma- 

iemites there are vacancies of 2 or 3 metal ions in a unit cell with 32 
<ygen atoms. The same result is obtained even when the ratio 32(RO 
-Ti)/O is used. 

Figures 2 and 3 show with open circles the chemical compositions of the 
tanomaghemites in the ternary system TiO2-FeO-Fe.O; and the rela- 
ion between the values Fe/(Fe+Ti) (= Fe?++ Fe*+/(Fe?++ Fe*++ Ti)) 
lid 32(Fe+Ti)/O respectively. Available analyses of titanomagnetites 
om Japanese igneous rocks are also plotted with solid circles. The lines 
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EF and ABD in Fig. 3 represent the courses of oxidation of magnetite 
and ulvéspinel respectively. The lines AE and CBE represent the binary 
TiFe.Oy-Fe;0, and y-TiFeO;-Fe;O, solid solutions assumed by Chevallier 
and Girard (1950) and the compositional field CAE includes the inter- 
mediate titanomagnetite of Vincent ef al. (1957). Figure 2 shows that the 
Japanese titanomaghemites have compositions close to the TiFeQO;-Fe203 
join or within the TiFe,0;-TiFeO3-Fe2O; triangular field. Figure 3 shows 
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Fic. 3 (left). Relation between 32(Fe+Ti)/O and Fe/(Fe+Ti) of titanomagnetites and 
titanomaghemites. Symbols are same as in Fig. 2. Fe includes Fe?* and Fe**. 

Fic. 4. (right) Relation between lattice parameters and 32(Fe+Ti)/O of titano- 
maghemites. Symbols same as in Tig. 2. 


that the titanomaghemites have much more vacancies in metallic posi- 
tions than the titanomagnetites. 

Recently Basta (1959) reported titanomaghemites from South Africa 
and suggested that they were formed mainly by oxidation of titano- 
magnetite of the y-TiFeO;-Fe;O, series (titanomagnetite II of Chevallier 
and Girard) but not of the TiFe,O,-Fe30, series. Table 5 gives recalcu- 
lated Basta’s data on the South African titanomaghemites. They are also 
plotted in Figs. 2 and 3. The South African titanomaghemites have the 
values of Fe/(Fe+ Ti) ranging from 0.79 to0.89 and those of 32(Fe+ Ti)/O 
from 20.5 to 21.3. Thus, there are almost the same numbers of vacancies 
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TaBLE 5. MOLECULAR PRopoRTIONS OF OxmpEs, ATOMIC Ratios oF Fe AND Ti, 
AND LATTICE PARAMETERS OF TITANOMAGHEMITES FROM 
Sourta Arrica (AFTER Basta, 1959) 
No. 1 No. 2 No. 3 No. 4 No. 5 
Mol. % 
FeO 14.41 27.83 5.45 9.64 14.81 
Fe.03 Doo 48.57 69.93 64.00 67.18 
Ti02 32.05 23.60 24.62 26.36 18.01 
Atomic ratio 
Fe/(Fe+Ti) 0.791 0.841 0.855 0.839 0.892 
32(Fe+Ti)/O DOS) 21.54 20.56 20.63 21.20 
Mol. % 
FeO 
MgO;RO 17.26 30.12 7.90 10.20 
MnO 
Fe.0s| 
Al,O3 7 R2O3 52.50 47.55 69.70 64.23 
V2O3 
TiOz 30.24 DD 38) 22.40 25.57 
Atomic ratio 

R/(R+Ti) 0.802 0.849 0.868 0.844 
32(R+Ti)/O 20.74 PAL 20.74 20.69 
Lattice parameter (A) 8.3475 8.342 


| in the unit cells as those in the Japanese titanomaghemites. If the South 
| African titanomaghemites were oxidized from titanomagnetites of the 
| y-TiFeO3-Fe;0, series as postulated by Basta, the original titanomagne- 
| tites should have the values of Fe/(Fe-Ti) from 0.79 and 0.89 and 32(Fe 
Ti)/O from 22.9 to 23.4, in other words, they should be represented by 
points between H and G of Fig. 3. These titanomagnetites should have 
- vacancies of 0.61.1 in the unit cells. It is clear from the experiment by 
Akimoto and Katsura (1959) that such titanomagnetites may be easily 
| formed by oxidation of the titanomagnetite of the TiFe,O,.-Fe3;O, solid 


. solution under suitable conditions. In consideration of this, the postula- 


{ tion of the special solid solution series between y-FeTi0s and Fess is 
/not needed to explain the formation of titanomaghemite from norma 


| titanomagnetite. 


| 


l 
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Lattice PARAMETERS OF TITANOMAGHEMITES 


The lattice parameters of the present titanomaghemites were deter- 
mined by the measurement of diffraction angles for (440), (511, 333% 
(400), (311) and (220) by the “Norelco” x-ray diffractometer with FeKa 
radiation. Instrumental errors were calibrated by using a standard speci- 
men of silicon. The lattice parameters are listed in Table 4. Those in 
parentheses are for titanomagnetites present in small amount. As re- 
ported previously (Akimoto et al., 1957; Akimoto and Katsura, 1959), the 
change in lattice parameters of titanomagnetites depends not only on 
their TiO, content but also on the degree of oxidation. So far as we know, 
the relation between the lattice parameters of the Fe-Ti spinels and their 
TiO, content is not yet established. But if titanomaghemites are com- 
pared with titanomagnetites having the same Fe/(Fe+T1i) values, a cer- 
tain definite relation is obtained between the lattice parameters and the 
degree of oxidation. Figure 4 shows the relation between lattice param- 
eters and 32(Fe+T7i)/O for titanomaghemites and titanomagnetites 
with Fe/(Fe+ Ti) (=7) equal to 0.7, 0.8 and 0.9. As will be seen in the 
figure, for any given values of 32(Fe+Ti)/O, the lattice parameter in- 
creases with the decrease of the 7 value. Basta (1953, 1959) gives a value 
8.3475 A for the cube edge of a titanomaghemite from Transvaal (No. 1 
in Table 5). This value also fits the diagram. 
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VERNADSKITE DISCREDITED: PSEUDOMORPHS OF 
ANTLERITE AFTER DOLEROPHANITE* 


Mary E. Mrosg, U.S. Geological Survey, Washington 25, D.C. 


ABSTRACT 


Vernadskite crystals from Vesuvius, Italy, are shown to be pseudomorphs of antlerite, 
Cu;(SO4)(OH)4, after dolerophanite. Experimental work indicates that these pseudo- 
morphs were formed by the action of moisture from fumaroles on crystals of dolerophanite. 

Indexed x-ray powder data are given for synthetic and natural dolerophanite and 
antlerite. 


INTRODUCTION 


During a mineralogical investigation of specimens recently obtained 
from the walls and ceiling of the abandoned Ecton mine in Pennsylvania, 
several unidentified copper sulfate minerals were observed. In order to 
attempt to identify them, x-ray powder diffraction patterns were taken 
of a number of rare copper sulfate minerals. Among these was a pattern 
of vernadskite (originally spelled vernadskijte and vernadskyte by 
Zambonini, 1910) obtained from crystals from the only known specimen 
in the United States. This micromount-sized specimen from Vesuvius, 
Italy, was the gift of Zambonini to the late Colonel Washington A. 
Roebling. It was accompanied by the original label on which Zambonini 
had written, ‘‘part of the original lot.’ The minerals associated with the 
vernadskite crystals on this tiny specimen were found to be dolero- 
phanite, anglesite, and conichalcite. 

Vernadskite was described by Zambonini as a basic hydrated sulfate 
of undetermined crystal system. It was found as an alteration product 
of dolerophanite which had formed during the eruption of Vesuvius in 
October, 1868. The mineral was said to occur there as aggregates of pale- 
green birefringent crystals in close association with dolerophanite. The 
hardness of vernadskite was reported to be 33; the specific gravity, > 3.3. 
The formula given for vernadskite,4CuO :3SO3:5H2O (= Cuy(SOx)3(OH):2: 
4H.O), was derived by Zambonini from the following chemical analysis 
made by Serra (in per cent): CuO 49.15, SO; 37.01, H.O [13.84], total 
[100.00]. Zambonini suggested that vernadskite was produced by the ac- 
tion of acid vapors from the fumaroles on dolerophanite, with the follow- 
ing reaction taking place: 


dolerophanite vernadskite 


2Cuy(SO4)O + H2SO, + 4H20 > 3CuSO,:Cu(OH)s:4H2O 


* Publication authorized by the Director, U. S. Geological Survey. 
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VERNADSKITE DISCREDITED (= ANTLERITE) 


Sample preparation of ‘“‘vernadskite” crystals for an x-ray powder dif- 


fraction pattern revealed the presence of included remnants of a light- 


brown, glassy mineral, thus necessitating very careful handpicking of the 


material for the powder spindle. The x-ray powder pattern obtained from 
_ the carefully selected fragments of “vernadskite” was that of antlerite, 
~ Cus(SOx)(OH)4; from the minute, light-brown, glassy inclusions, that of 


dolerophanite. 
Closer re-examination of the “vernadskite”’ crystals on the specimen 


indicated that they are pseudomorphs of antlerite after dolerophanite. 


Several crystals were found that were partly dolerophanite and partly 
antlerite, where the change to antlerite was incomplete. 

Experiments then were performed to show that dolerophanite may be 
converted to antlerite by the reaction of moisture with dolerophanite. 
Crystals of dolerophanite from Vesuvius, Italy (USNM R8317), aver- 
aging 1.00 mm. by 0.50 mm. by 0.25 mm. in size, changed to antlerite 
slowly and incompletely in distilled water at room temperature over a 
period of three days. They were completely converted when left immersed 
in distilled water in an oven at 80° C. for 12 hours, and also when placed 
in a dry vessel in the presence of a moist atmosphere in an oven at 80° C. 
for 24 hours. The results of these experiments were checked by means of 
a-ray powder patterns; in each case a pattern of antlerite was obtained. 
The experimental work indicates that the following reaction must have 
taken place near the fumaroles at Vesuvius to result in the formation of 
these pseudomorphs: 

dolerophanite antlerite 
2Cu2(SO4)O + 2H20 — Cu;(SOs)(OH)s + CuSO, (soluble) 


SYNTHESIS OF DOLEROPHANITE, ANTLERITE, AND HyDROCYANITE 

Dolerophanite was synthesized so that sufficient material would be 
, available for carrying on experimental work that would check the valid- 
iity of the proposed reaction. Dolerophanite was easily synthesized 
| (Binder, 1936) by placing finely-powdered Cu(SO,)-5H2O in an open 
| porcelain crucible in a muffle furnace for one hour at a temperature about 
(660° C. Synthetic dolerophanite produced in this manner is orange- 
| brown. At a temperature about 640° C. synthetic hydrocyanite (chalco- 
(eyanite), CuSO, (Hey, 1955), was formed; it is pale greenish gray in 
( color. 

When distilled water, hot or cold, was added to the synthetic doler- 
(ophanite, the orange-brown powder immediately turned light green. ate 
|light-green residue gave the powder pattern of antlerite. The pale-b HS 
(filtrate was brought to dryness in an oven at 80° C.; the x-ray powder 
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TaBLe 1. X-Ray PowpER Data FOR DOLEROPHANITE, Cw2(SO.)O 


i Monociinic, C2/m 
a=9.355+0.010 A, b=6.312 + 0.005, c=7.628 40.005, B= 122°173” 


Borchardt and Present Study? 
Daniels (1957)* 3 
Synthetic Cu2(SO4)O Vesuvius, Italy 
Synthetic Cu2(SO.)O [f. 14347] USNM R6084; [f. 14391] 
Measured Measured Measured Calculated 
I d if d I d d hkl 
78 6.46 50 6.451 50 6.443 6.447 001 
6 4.91) 2 4.937 2 4.935 4.933 110 
DS 4.75>band 13 A USS 11 4.760 4.757 111 
14 4.63) 6 4.659 2 4.659 4.658 201 
4 4.024 4 3.950 2 3.956 3.954 200 
100 3.63 100 3.617 100 3.623 3.619 202 
15 3.41 9 3.408 4 3.408 3.407 daa 
3.238 112 
8 3.29 4 3.220 2 3.228 3.224 002 
16 3515 13 S53 9 3.156 StS 020 
21 2.83 8 2.840 8 2.835 2.835 021 
2.796 022 
47 DAs 30 2.776 21 PEAKS 2.774 201 
8 2.67 3 2.680 z 2.678 22008 Ba 
94 2.62 50 2.614 42 2.615 2.612 221 
34 Diy 25 2.546 18 2.546 2.543 203 
10 DAT 4 2.468 4 2.468 2.466 220 
i 2.431 1 2.432 2.432 310 
8 2.384 4 Deol 4 2307 2.379 222 
4 2.365 2.362 112 
6 De 4 2.324 2 22331 Pe eVAS 402 
2.266 113 
(2.258 401 
52 D DS 35 2.254 30 2.256 22255 022 
|22254 313 
5 2.14 4 2.154 Z 2 Od 2.149 003 
Dels7 311 
2.128 403 
1 2.087 i 2.08 2.084 221 
26 2.02 18 2.028 13 2.028 {2.033 130 
\2.024 202 
2.020 131 
10 1.97 9 1.979 4 1.979 
4 1.86 2 1.870 1 1.868 
7 1.82 4 1.821 3 1.819 
23 1.76 13B 1.769 ile 1.767 
5 1.70 3 1.709 1 1.704 


' Single-crystal data obtained in this study from a crystal of dolerophanite from Ve- 
suvius, Italy (USNM R6060). 

2 Films corrected for expansion B=broad. Camera diameter, 114.59 mm. Nickel- 
co ees radiation (A=1,5418 A). Lower limit of 26 measurable: approximately 7° 

.6 A). : 

* Camera diameter, 114.59 mm. Nickel-filtered copper radiation. The relative intensi- 
ties listed are the ratios of peak heights obtained on a diffractometer trace. The desig- 
nated bands appeared as a broad line in the x-ray photograph but were resolved in a 
diffractometer trace. 

‘ These lines correspond to intense lines in the CuSO, or CuO x-ray pattern and were 
thought to be due to the presence of these materials as impurities. 
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TABLE 1 (continued) 


Borchardt and Present Study? 
Daniels (1957)3 
Synthetic Cu2(SO.)O Vesuvius, Ital 
Synthetic Cuz(SO4)O [f. 14347] USNM R6084; [f. 14301] 
Measured Measured Measured Calculated 
if d I d I d d hkl 
15 Lew 13 1.678 6 1.678 
4 1.64 2 1.648 6 1.642 
7 162) 
il at ban 8 1.616 4 1.615 
14 1.60 6 1.600 4 1.600 
16 1.58 9 12579 6 1.579 
5 1.574 3 il. 83 
& 1255 2 1.556 1 1.556 
5 153 | 3 15535 2 1.534 
4 ike 3 Lari @) 2 LSD) 
9 1.48 4 1.480 2 1.482 
15 {143 yband 8 1.469 4 1.469 
if iL AS 2 1.450 D) 1.448 
3 1.430 
8 1.41 4 1.407 3B 1.407 
17 1.39 8 1.389 6 1.387 
Z RYE! 3 1.374 
2 1.366 1 1.366 
2 1.343 3 1.342 
2 O21 2 te S21 
2 1.304 2 1.305 
2 1.293 2 1.292 
1 Ut 1 1.278 
2 1.248 2 1.245 
2 1253 2 1232 
<a | il GAL) 1 IL PAL7/ 
< il 17203 
i 1.188 1 1.188 
1 1.176 1 1.178 
3 1.166 3 1.166 
1 1.136 
4B 1.129 3 1.128 
ey 1.116 1 1.116 
1 1.106 1 1.106 
2 1.095 4, 1.094 
2 1.080 Y, 1 Oe 
1 1.062 1B 1.065 
1 1052 1 1.052 
1 1.041 1 1.041 
1 1.029 
1B 1.026 1 1.025 
3B 1.013 2B HONS 
2B 1.000 2B 1.001 
Plus additional weak lines all with I<1. 


data for this dried salt was identical with those given in the ASTM card 
file for the compound Cu(SO,)-H2,O. When the dried salt was subjected 
to a temperature of 100° C. for 24 hours, the x-ray powder pattern re- 
mained unchanged. When the temperature was raised to 150° €;and the 
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TABLE 2. X-Ray PowpER DATA FOR ANTLERITE, Cu3(SO4)(OH)s 


ORTHORHOMBIC, Pnam 


a=8.24 A, b=11.99, c=6.03! 


Present Study? 
de Wolff (1955)? 
“Vernadskite”’ 
——— Synthetic = Antlerite Antlerite 
: Cu3(SO4)(OH)4 | Vesuvius, Italy Chuquicamata, Chile 

pyntione (f. 14347] USNM R6084; USNM C5472; [f. 15077] 
Measured Measured Measured Measured Calculated 
it dnxt I anki I dix I dnx dart hkl 
11 6.80 11 6.792 ili) 6.795 ill 6.792 | 6.789 110 
2 CORO! 30 6.021 30 6.018 35 6.026 | 6.030 O01 
5.995 020 
Rs HAD P| 5.405 18 5.406 15 5.405 | 5.385 O11 
100 4.86 100 4.858 100 4.855 100 4.853 | 4.847 120 
Q 7 4.52 6 4.517 6 4.519 6 4.515 | 4.5099" Aat 
8 4.13 li AROS) 9 4.127 11 4.122 | 4.120 200 
3.897 210 
Gs “Sif 13 3.785 13 3.783 15 S188 WiSalio) anlor 
TW ~— BOO 71 3.597 71 3.604 71 3.597 | 3.596 130 
Sie 340 25 3.401 25 3.401 25 3403" |) 3-403) S20 
3.396 220 
0% i284. 7 3.339 6 3.339 6 3-309) a) O00 usm 
32272. Daa. 
16 =3..09 13 3.084 13 3.089 iS} 3.089 | 3.089 131 
S2O1S e002 
18 3.00 21 2.998 21 3.003 21 3.003 | 2.998 040 
2.959 221 
2.869 230 
3 2.819 3 2.827 3 -923, | 22817 “Wad 
1D 27/62 9 IOS 2.763 9 2.763 2756. aa 
9 2.698 9 2.698 2.694 022 
Ul PASE 60 2.683 71 2.683 71 2.083) 2.077 eho 
2-591 9231 
85 2.566 71 2.564 71 2.564 71 2.567 2500) dae 
eye eit 
KG ESN} 21 2.501 21 2.502 21 2.502. | 2497 320 


' X-ray crystallographic data obtained by Richmond (Palache, 1939) by the Weissen- 
berg method ona crystal from Remolinos, Vallenar, Chile. Original kX values have been 
converted to Angstrom units by the present author. 

2 Camera diameter, 114.6 mm. Copper radiation (A= 1.5418 A). Intensities determined 
by photometer (Guinier camera). 

* Films corrected for expansion. B= broad. Nickel-filtered copper radiation (A= 1.5418 
A). Lower limit of 26 measurable: approximately 7° (12.6 A). 
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TABLE 2 (continued) 


Present Study? 
de Wolff (1955)? 


“Vernadskite”’ 


————— Synthetic = Antierite Antlerite 

Synthetic Cus(SO.)(OH)s | Vesuvius, Italy Chuquicamata, Chile 

Cu,(SO,) (OH), [f. 14347] USNM R6084; USNM C5472; [f. 15077] 
[f. 14353] 

Measured Measured Measured Measured Calcuiated 
| I anki I drxt I dnl IL dyna Ankit hkl 
De UGP 2¥ 5) 
| 6 2.439 2.439 202 
| 13. 2.430 9 2.433 11 2.430 9 2.428 | 2.423 240 
| 4 | 2.398 2 2.395 2.392 D ae OPE NC IRESUE | OED) 
| ee 2-315 TEMG eth) 
| Lee 307 7 2.307 a 2.307 9 22307 1 2es07e s2h 
| 2.303 150 

Ps epe2-259 9 2.259 9 2.259 11 22959 9 2.255u 2 

2.249 241 

2 220° “O51 

2.224 330 

Daisie. 15 

CO 221311 so 2.129 50 207 60 DOT 2) 126 5040 
SG 2851 

6 2.083 3 2.083 3 2.080 2 2.083 | 2.079 232 
2.073" 250 

= 18 2.065 9 2.062 9 2.065 11 2.062 | 2.060 400 
2.058 142 

PH 2034)" 94 2.034 15 2.034 15 2.034 | 2.030 410 
2.025 340 

2.010 003 

4B 2.004 6 2.006 6 2.004 6 9002) 12.002) 312 

De 1951 

OP 19464. 913 1.947 11 1.946 13 1.945 

ee O27. 3 1.926 4 1.925 3 1.929 

Be 2 1893 3 1.892 3 1.893 3 1.892 

#2) “1.835 9 1.834 11 1.833 8 1.833 
| 151-814 11 STS 13 1.814 9 1.813 

pent SOs 

ft 1.758 2 1.760 1 1.761 2 1.762 

Serial 3 eral, 3 1.711 2 hee 2 

Om 1.687 5 1.684 3 1.687 4 1.687 

3. iGo 2 1.669 2 1.668 2 1.669 

Roe ot. 634014 15 1.634 15 1.634 18 1.634 

6 1.617 4 1.618 4 1.617 4 1.618 

ge 717500 2 1.596 2 1.595 2 1.593 

13° = *12566 4" 11 1.566 13 1.567 9 1.568 
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TABLE 2 (conlinued) 


Present Study* 


de Wolff (1955)? 
“Vernadskite”’ 
SSS Synthetic = Antlerite Antlerite 
: Cu3(SO4)(OH)s | Vesuvius, Italy Chuquicamata, Chile 
im pymenen [f. 14347] USNM R6084; USNM C5472; [f. 15077] 
Cus(SOx) (OH)s [f. 14353] 
Measured Measured Measured Measured Calculated 
it Akt il dnkt I ark I dpx1 drx1 AR 
1S e551 15 12557 13 1.554 13 155i 
A e525 3 1.527 3 1.526 8 1.526 
12) eS 9 drole 7 sol 6 1513 
OF 1500 9 1.499 9 1.499 9 1.499 
21 1.481 21 1.482 15 1.483 18 1.483 
2 1.467 2 1.469 z, 1.464 2 1.469 
2 1.455 2, 1.455 3 1.455 3 1.454 
9 1.438 6 1.438 5 1.436 6 1.438 
ee ket? 6 
4 1.390 4 1.392 4 1.390 4 1.391 
1 1.365 2 1.363 2 1.364 3 1.361 
3) 1360 
hE SUGE 7 1.318 6 NRC Wy 8 1.318 
1 1.281 2 1.281 2 1.280 2 1.282 
Si NA, 3 Lee 4 L2G 4 12a 
1 1.251 1 1.254 1 1253 
1 1.236 1 2s 1 12237 
1 1.224 1 1.224 1 1.224 
2 2S 2 1.214 Pepe SIE VANS 
2} 1.200 2B ~ 12200 DBS e199 
2 1.170 2B 1.168 DB areal 70 
1 Vet52 1 LatSS: 1B 54 
1 1.130 1 itsalel 1B test 
5 1.107 5 1.107 6 1.107 
2 1.082 1 1.083 1 1.083 
3 1.073 2 1.074 2 1.073 
3 1.065 3 1.065 2 1.065 
3 1.060 ) 1.060 2 1.060 
2 AOD 2 1.051 2 1.050 
3 1.026 S 1.028 2B 1.027 
3 1.012 2 1.011 DATE ea 
F 2 0.9995 2 0.9993 3B 0.9991 
2 0.9878 i 0.9880 1 0.9878 
2 0.9813 2 0.9810 
4 0.9723 3 0.9723 5 0.9723 


Plus additional weak lines all with I<3. 


L 
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dried salt was held at this temperature for 24 hours, a pattern of CuSQ,, 
synthetic hydrocyanite, was obtained. 


X-Ray Data FOR DOLEROPHANITE AND ANTLERITE 


All the «-ray powder films made in connection with this study were 
taken with Cu/Ni radiation (A=1.5418 A) in Debye-Scherrer powder 
cameras (114.59 mm. diameter) using the Straumanis and Wilson 
techniques. Measurements made on the patterns of dolerophanite and 
antlerite necessitated correction for expansion. Intensities were esti- 
mated visually by direct comparison with calibrated intensity film strips 
(of successive step line-exposures related to each other by a factor of 4/2. 
_Interplanar spacings listed in the tables were calculated down to values of 
(diya = 2.000 A. 
| A single-crystal «-ray study of dolerophanite from Vesuvius, Italy 
((USNM R6060), was made with a quartz-calibrated Buerger precession 
‘camera using Mo/Zr radiation (A=0.7107 A). Film measurements were 
corrected for both vertical and horizontal shrinkage. The cell coustants 
‘derived from single-crystal «-ray examination are given in Table 1; these 
data are in excellent agreement with those cited by Richmond and Wolfe 
(1940) for Vesuvius material. 

No indexed «x-ray powder data have previously been published for 

‘dolerophanite. Table 1 presents observed and calculated interplanar 
spacings obtained in this study for synthetic and natural dolerophanite. 
'Phese are compared with the data given by Borchardt and Daniels 
(1957) for the compound Cu2(SO,)O and were found to be in good agree- 
tment. 
- Indexed x-ray powder data for synthetic and natural antlerites are 
iven j in Table 2, which lists observed and calculated interplanar spac- 
jings, the latter down to dyx1= 2.002 A. These were found to be in excellent 
ee with the data obtained by de Wolff (1955) for synthetic antler- 
te. 
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HELIUM IN LIMESTONE AND MARBLE* 


FRASER FANALE AND J. L. Kuxp, Geochemical Laboratory, 


Lamont Geological Observatory, Columbia U niversity 
Palisades, New Vork. 


| ABSTRACT 


The helium and uranium content of a number of specimens of marble, Iceland spar 
_and fossil shell of known age have been determined. The sedimentary calcite specimens 
contained only a small fraction of the helium expected, indicating that most of the uranium 
|is external to the lattice. The marbles in contrast contain much more helium than is calcu- 
|lated from the age and the alpha activity. This appears related to the gaseous inclusions in 
ithese materials. 


INTRODUCTION 


This work was undertaken to evaluate the potential use of the alpha- 
‘helium method in the dating of carbonate materials. Such mineral phases 
las marble in metamorphic rocks, crystals of calcite associated with the 
yangue of hydrothermal deposits and fossil shells are common so that a 
imeans of directly dating them would have considerable value. 

Earlier theoretical work has shown that reasonably perfect calcite 
verystals should not permit diffusion of helium at surface temperatures 
Keevil, 1940). On the other hand, pioneer measurements on such ma- 
cerials (Keevil, 1950) showed both more and less helium than would be 
=xpected from the uranium-thorium content and the age. In view of the 
imposing experimental difficulties in accurately measuring the extremely 
small quantities of helium by the older volumetric techniques, the uncer- 
-ainty in the age of the specimens and the limited selection of mineral 
\ypes, further investigation was desirable. In the work described below, 
‘he helium was determined by the method of isotope dilution and the 
\ipha activity by the radium emanation and fluorimetric techniques. 

‘The terms ‘‘excess” and “deficiency’’ of helium in this study refer to 
‘ne amount of helium observed compared to the amount expected from 
ihe rate of production and the age of the mineral. If either existed it was 
-oped that the causes could be defined so that evaluation of the potential 
»ge method could be made. 


pe A 


EXPERIMENTAL TECHNIQUES 


Jelium Determination 


|The helium was determined by isotope dilution using He’ as a spike. 
‘he vacuum systems used for preparation of the He* standards and the 
ce spikes have been described by Damon (1956). Two He’ spikes from 


* Lamont Geological Observatory Contribution No. 475. 
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each set of thirty were calibrated with primary He* standards. The aver- 
age deviation from the mean of the calibrations was about 2% and indi- 
cates uniformity of He* pressure throughout the set. 

The gas liberation and purification system is similar to that described 
by Damon. The carbonate samples are not actually fused but merely de- 
crepitated at about 800° C. in which process the helium is liberated with 
the carbon dioxide. When the sample has begun to decrepitate, the He? 
tracer is admitted to the furnace side of the system. Since pure carbo- 
nates have such a low uranium content, it is often necessary to process 
10-30 gm. samples. Thus, up toa third of a mole of CO2 may be liberated. 
Essentially all the CO: freezes at liquid nitrogen temperatures in the large 
cold trap adjacent to the furnace. Other gases are pumped out of the! 
furnace by a mercury diffusion pump specially designed to pump against 
high back pressures. They pass through a U-tube filled with CuO and 
maintained at a temperature of 600° C. where any hydrogen reacts to 
form water. The diffusion pump is allowed to continue pumping out the: 
furnace side after decrepitation is complete, until a vacuum of 10-* mm. 
of Hg is achieved in the furnace volume. Still more pumping time is 
allowed to ensure equilibration and quantitative transfer of helium out of 
the furnace. The furnace is then isolated from the sample purification side 
by means of a stopcock and gases condensed on the charcoal trap at} 
liquid nitrogen temperatures are successively sublimed and recondensed§ 
as an aid to equilibration. Final purification is achieved by allowing these 
gases to react with metallic calcium at 700° C. When this process is com- 
pleted, the helium is compressed into a sample breakseal by allowing 
mercury to rise into a 500 ml. reservoir at the top of which is attached 
the breakseal. All of the helium is thus compressed into the sample 
breakseal which is then detached and transferred to the sample introduc. 
tion system of the mass spectrometer. 

The standard deviation on individual helium measurements was 6% 
Blank runs on the fusion system included mock fusions with Pleistocem 
coral and barnacle samples. All blanks were negative (see Table 1); how 
ever, the amount of atmospheric helium introduced to the system durin 
the operation of the CuO furnace cannot be tolerated for very low leve} 


measurements. Hence, in the case of fossils, removal of impurities by ad) 
sorption on charcoal at liquid nitrogen temperatures must be substitute! 
for the chemical removal of the impurities. i 

Regardless of which procedure is used, gross fusion system leaks can bi): 
effectively monitored by scanning the Ne?® peak during the spectromet \ 
measurement. This is not applicable to diffusion leaks however, sinc! 
neon will not diffuse significantly through quartz and vycor at elevate), 
temperatures, whereas helium will. 
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TaBLe 1. HeLtuM ConTENT OF SPECIMENS OF Catcrum CARBONATE 
Blank as- 
Procedure . : 
oe seein soc. with Total Het Weight Het 
Sample Description paealy procedure insample ofsample (microliters/g. 
| are (microli- (microliters) (g) rock) 
| ters He‘) 
| 
| I. Sedimentary or Low Temperature Origin Charcoal at . 002 
Liq. Air 
| temp. 
| 
d KT-1 Ammonite composite from U. -034+ .006 10.6 -0032+ .0006 
| Cret. Pierre Shale, Mobridge, 
S. Dakota, Baculites (sp.) 
|SB-3 U. Cret. Belemnite from N.J. <.0024 14.4 <.0002 
| coastal plain. 
NNo. 475A Pleistocene Barnacles, Van- <.0020 1SE5 <.0002 
} couver Island, British Columbia <.0030 10.4 <.0003 
{JS-1 Iceland Spar, Joplin, Missouri <.002 20.6 <.0002 
1 
HT, Metamorphic Origin CuO .02 
EN-1 Inwood Marble, Thornwood, 30 10.4 -029+ .002 
N.Y., crystal size ~5 mm, 88 31.6 -028+ .002 
RC-1 Pink Carbonate from Sterling 90 333 .027+ .002 
| Zinc Mine, Ogdensburg, N.J. 
2550’ level. Avg. crystal size 
5-10 mm. 
sH-3C Same as RC-1 except sample -61 25.6 .024+ .002 
colorless. 
GSK Grenville marble from No. 1 4.34 8.343 252 
pit along Rt. 7 about 4 mi. 6.75 10.81 62 
east of Deloro turnoff on Rt. 7 ibles 22.98 50 
east of Marmora, Ont. Avg. 18.2 39.56 46 
grain size ~2 mm. contains 7.10 11.20 -64 
about 3% tremolite. 12.7 26.39 +48 
18.5 33.01 .56 
Por! 47.57 54 
6.00 12-79 -47 
5.09 9.83 $1 
Avg. .53+ .02 
h. 
SK 
a D Bil 10.71 Avg. .21+ .02 


_ Helium measurements were made using the first o ie 
adius mass spectrometer described by Carr and Kulp (1957). The Dies 
mt helium sensitivity of the instrument is about one millivolt per 10 

‘c.c. before the molecular leak using a 10” ohm reed lead resistor. The 
alf time of helium before the leak is about 40 minutes. Thus fractiona- 


rder, 60°, 6 inch 


158 F. FANALE AND J. L. KULP 


tion of the helium isotopes through the leak can, durin’g the course of a 
normal run, alter the ratio by as much as 3%. The observed ratios, how- 
ever, are extrapolated back to the time of presentation of the sample be- 
fore the leak, or a fixed time thereafter. Since this procedure is followed 
both in the initial spike calibration and in sample runs, the fractionation 
effect is essentially canceled. The introduction system is static leak- 
tested prior to liberation of the sample using the A*° peak and, as stated 
earlier, the fusion system can be checked for gross leaks by scanning the 
Ne?’ peak during the course of the run. In addition, the H» peak is 
scanned to insure that there is no significant contribution to the mass-3 
peak from HD. 


Radium Measurement 


Radium was determined by dissolving samples in phosphoric acid and 
counting the radon gas in equilibrium with the dissolved radium. Radium 
determinations were reproducible to within 10%. Assuming complete 
secular equilibrium in the rock, the uranium content of the rock can be 
calculated and compared with that measured by other techniques. The 
agreement is good considering the extremely low concentrations of 
uranium in these materials and the uncertainty in the absolute level of 
fluorimetric analysis (Table 2). ; 

It appears that the radium measurement can be used to assess the 
helium production rate in these samples. This is largely because the aver- | 
age limestone has a thorium: uranium ratio of only 0.5 as compared to 3.5 _ 
for an average granite. Furthermore, any given amount of thorium pro- | 
duces alphas at less than one-fourth the rate of an equal amount of 
ordinary uranium. It would be expected then, that the total rate of 
helium production would be within about 10% of that predicted on the 
basis of uranium or radium analyses alone. 


Fluorimetric Procedure 


Uranium determinations by the fluorimetric method were performed 
on all samples. A combination of dilution and solvent extraction was 
used to separate the uranium from possible interferences and quenchers. 
Aluminum nitrate was used as a salting agent and the uranium was ex- 
tracted into ethyl acetate. The ethyl acetate was evaporated off gold 
dishes and fhe uranium then incorporated into buttons of flux containing 
sodium fluoride. The intensity of fluorescence was then determined using 
a Jarrell-Ash G-M Fluorimeter. Samples were run in groups of ten in- 


cluding three standards and a blank. Reproducibility was about 10% in 
this concentration range. 
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TABLE 2. MEASUREMENTS OF THE ALPHA ACTIVITY 
parts per million uranium 


Alpha activity of 
Radium given as Calculated from i ‘ rock based on 
Sampl : 
ase 10-2g. Ra/g. Radium Content es aalcas romen fluorimetric U anal- 
sis a’s/mg./hr. 
KT=1 -44+ .04 (unleached) 1.2+.01 1.3+.1 (unleached) -48+ .05 
-36+ .04 (leached) 1202-701 
SB-3 Dee oS 
2003. “LOX 01 
28+ .03Av. 
ML-1f .31+.03 -87+ .09 POs. 10 
729/03 -82+ .08 1225s 10 -44+ .04 
SSS 73S 01'* 
-30+ .03 Av. .85+ .09 Av. 1.18+.10 Av. 
JS-1 -046+ .005 Sed elds OL 
-10+ .01 
Gee Uhh 
piGee 201 -045-+ .005 
+.01 Av. 
+ .01 (<200 mesh, leached) 
RC-1 -0035+ .0004 010+ .001 
- 0037+ .0004 -010+ .001 <j 02 
.0036+ .0004 Av. 010+ .001 Av. < .02 <.007 
> SH-3H << ly) <.007 
= <2, 
IN-1 -034+4 .004 -10+ .001 Asch sO}! 
= 039+ .004 -11+ .001 10+ .01 041+ .004 
037+ .004 Av. 114.001 Av. sites Oil Jayie 
( GSK -056+ .006 16+ .02 .39+ .04 
; 051+ .005 14+ .01 B23=)03 11+ .01 
w2ilizte. OS 
054+ .006 Av. BS OA. ee ea 
.30+ .03 Av. 


* Isotope Dilution Method performed by J. C. Cobb, Lamont Geochemical Laboratory gave 1.02 + .02 ppm 


cranium. 
t Oolitic limestone from the Spergin formation (Mississippian). See Sackett 1958. 


RESULTS 


| The sample descriptions and the helium concentrations are given in 
Table 1. Sample KT-1 was found to be entirely aragonite by «x-ray dif- 
‘raction. The sample of Pleistocene barnacles represcuts a blank. SB-3 


ind JS-1 also showed negligible helium. The reproducibility shown by 
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samples IN-1 and G5K are satisfactory. The error given on the average 
of the determinations of G5K is the standard error on the mean. 

The radium and uranium determinations are given in Table 2. The 
estimated uranium content from the fluorimetric measurements and that 
inferred from the radium measurement assuming radioactive equilibrium 
is the same within the experimental uncertainties for all samples, except 
the Grenville marble where the uranium content from the fluorimetric 
determination is double that calculated from the radium content. This 
implies radioactive equilibrium for all cases except the Grenville marble. 
The ML-1 sample was also analyzed for uranium by isotope dilution. The 
figure obtained agreed with the average of the uranium content calcu- 
lated from the radium and fluorimetric analyses. The alpha activity of 
the rock was estimated in each case from the fluorimetric analyses and 
the assumption that the thorium content is negligible. 

The alpha activity of most of these samples is too low for direct de- 
termination except in the case of KT-1 and ML-1. Using the method de- 
scribed by Kulp e¢ al. (1952) ML-1 was counted after calibration of the 
system with NBS standards. The alpha activity agree with that pre- 
dicted from the fluorimetric analysis within the experimental errors of 
both methods suggesting that the Th:U ratio was less than 0.4. This 
is in agreement with the result of Sackett (1958) who obtained a ratio 
Th: U of .15 by neutron activation analysis. The Th:U ratio is nor- 
mally less than 0.5 in reasonably pure carbonates. Since the specific 
alpha activity of the thorium is only one-fourth that of uranium, the con- 
tribution from thorium to the total alpha activity in these samples is 
probably negligible. 

The alpha activities reported in Table 2 are 107 to 10~° times that for 
typical granitic rocks. 


Hetrum Loss in Rocks AND MINERALS 


Keevil (1940) has treated the diffusion of helium in various crystal 
lattices from a theoretical point of view. In the absence of suitable ex- 
perimental data such an approach is necessary to estimate potential losses 
of helium. 

Distances of approach of helium to neighboring ions in a crystal lattice 


depend on weak attractive forces resulting from perturbations or induced 


polarizations (~130 cal/g mole) and important repulsive forces which 
change sharply with distance and which determine the effective ‘‘size’’ of 
the helium atom. Equilibration separation from oxygen corresponds to an 
interatomic distance of about 2.3 A and to bring the helium atom within 
the range corresponding to an effective helium radius of .95 A would re- 
quire 13 k cal/mole. Experimentally determined values indicate that this 
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is a minimum radius but even this is large compared with spacings in 
most crystal structures. This is indicated by the fact that diffusion ex- 
periments with glasses show that the diffusion rate is strongly dependent 
on the radius of the inert gas (T’sai and Hogness, 1932). In silica glass the 
average pore openings larger than the helium atom are about 1.3 A in 
radius. It is generally true that if the channels are less than 2 A in diam- 
eter the energy of activation to move helium along the channel is very 
high and rises sharply with decreasing channel width. In old glasses that 
_ have partially recrystallized it has been observed that the rate of diffusion 
is greatly reduced. When glasses completely recrystallize with disap- 
pearance of the larger metastable holes, the activation energy would be 
_ expected to greatly exceed that which the helium atom possesses as the 
| result of its thermal agitation 


| = 3 
| Ge — ar) 
| 2 


| On the other hand, the helium atom impinges, with some energy, on the 
| potential barrier between it and the next potential valley with a fre- 
| quency which is very high (~10" sec) throughout the entire course of 
| geologic time. Knowing the frequency of vibration and taking e~¥/*" as 
the probability that, at any instant, a. given helium atom possesses 
t enough energy to get it over an opposing potential hill of height Z, the 
/ number of times a helium atom vibrating between two such hills could 
surmount one in any length of time can be calculated. The probable dis- 
(tance of diffusion of a helium atom in a crystal in any time is then, ac- 
n cording to the Einstein relation, the product of the time, the mean path 
llength from one valley to the next, and the average velocity of the 
\vibrating helium atom. Keevil (1940) performs these calculations con- 
:sidering the effect of thermal motion of the bordering ions in temporarily 
\widening the channel so that the helium atom might pass. There is re- 
| quired synchroneity of vibration of all the ions away from the channel 
‘rim while at the same time the helium atom possesses enough energy to 
iallow it to pass through the temporarily widened channel. The probability 
that all this will happen is the product of two terms. The first is the prob- 
ability that all the n atoms around the rim will vibrate a given distance 
haway from the rim at a given moment and is, of course, the mth power of 
ithe probability that this will occur for any one individual which in turn 
Videpends on the vibrational force constant of the ions. The second is the 
)probability that at just this moment the helium atom will possess enough 
henergy to get it through the channel before it narrows again. At any tem- 
boerature this product, which represents the key rate determining step 1n 


| iffusi i at a certain vibrational 
\the diffusion process, reaches a maximum value 
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amplitude. Because Keevil (1940) uses this vibrational*amplitude corre- 
sponding to the highest diffusion rate and because of the relation used for 
dependence of repulsive force on distance, his calculations can be re- 
garded as conservative. Even so, they indicate that the diffusion path of 
a helium atom through most crystal lattices at 600° K. during geologic 
periods of time would only be a few interatomic distances long. 

It is improbable that helium is ‘“‘exsolved” since it is present in such 
low quantities. Thus it has never been possible to correlate helium “‘re- 
tentivity” with helium content except where minerals are actually 
metamict. Some loss might be expected where alpha tracks end in minute 
cracks resulting from substitution of different sized ions or from surface 
tension during growth. These cracks may be spaced on a very fine scale 
down to about 10-* cm., but, barring reflection phenomena at phase 
boundaries, there is no reason to expect the per cent of the alpha tracks 
which end in these cracks to exceed the volume per cent of the mineral 
represented by the cracks and this is very low. If cracks were present 
with a spacing of 10-§ cm. throughout a crystal, and a sharp rise in 
structural strength at these edge lengths for some crystals indicates that 
this may be the case, the diffusion constants are still about a factor of 
10,000 too low at 300° to allow much diffusion; but at 600° it would be 
significant. The barrier height implied in this calculation is based on 
measured distances between oxygen atoms and is about a factor of ten 
higher than the lower limit set by Rayleigh for calcite; but ordinarily, 
since the diffusion rate is such a sensitive function of channel width, it is 
not only the equilibrium interatomic distance between oxygen atoms but 
also the ability of the oxygens to vibrate about this mean position that 
determines the diffusion rate. Thus critical factors include the force con- 
stant for vibration of oxygen atoms and the effect of local distortion due 
to the presence of the large foreign helium atom in the structure. 

All attempts to force helium through common minerals, including cal- 
cite, have failed. Rayleigh (1936) succeeded in setting a lower limit on the 
activation energy of 21.5 k cal/mole. Unfortunately, calculations based 
on a non-rigid lattice model show that it is still just possible that, if the 
activation energy is no greater than this, the diffusion distances might, in 
geologic time, approach the crack spacing in the crystal. Rayleigh also 
had determined the activation energy for mica at a similar value but was 
later able to raise the limit to 47 k cal/mole which prohibits significant 
helium diffysion in mica perpendicular to the cleavage. It is important to 
note that all of the experimental results on diffusion through minerals — 
were negative which means that the activation energy is probably higher 
than 21.5 k cal/mole. At least, although they are not very definitive, 
the experimental data accumulated to date have not contradicted the 
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theoretical conclusions of Keevil. Diffusion theory and experiment, then, 
indicate negligible helium loss by diffusion through ordinary crystal 
| lattices in geologic time. 
In contrast, essentially all of the helium age determinations made dur- 
ing the last thirty years seem to indicate that, in most rock forming 
_ minerals, the ratio of observed helium to expected helium is less than 
_ unity. This suggests that the answer lies in the location of the uranium 
| atoms. 
If the activity is surficially concentrated (Hurley, 1956), in inter- 
granular microcrystals of uranium and thorium minerals in igneous 
rocks, in association with a free organic phase in sediments or merely on 
grain boundaries, the helium from this uranium-thorium and their decay 
products would be expected to leave the rock. Thus even if the helium 
_ produced within the calcium carbonate lattice were quantitatively re- 
tained, the ratio of observed to expected helium would be less than 

unity. 

DISCUSSION 

It may be seen from Table 3 that the specimens of calcium carbonate 
crystal formed at low temperature all show a deficiency of helium, 
whereas those found in a metamorphic environment show an excess of 
helium. 

The alpha activity and the helium content are taken from Tables 1 and 
ie 

Probable ages were assigned to the samples on the basis of regional 
| U-Pb and K-A dates. The absolute ages assigned to the fossils are con- 
k sistent with an age of 90 m.y. for the base of the Santonian (U. Cret.) 


TaBLeE 3. HELIUM RETENTION IN FossiL SHELLS AND Low 
TEMPERATURE DoG-TOOTH SPAR 


Alpha Cédloi Expected Het Measured He? 
Sample Activity o pele content content % Retained 
a’s/mg./hr. ee mic./g. mic./g. 
KT-1 48 + .05 90 .014 +.001 .0032 + .0006 2D, 
SB-3 LORE OL 90 .0030+ .0003 <.0002 oe 
JS-1 .045 + .005 100 .0015+ .0007 <.0002 <a) 
Helium Excess in Marble 

(% Excess) 
G5K nile se Ol 1040 .041 + .004 0) arate) ~1200 
IN-1 .041 + .004 360 .0050 + .0005 .029 +.002 ~ 600 
RC-1 <.007 850 <.002 .027 +.002 > 1000 

aE 


002 > 1000 


SEEKO" << AMOY 850 < .002 024 
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(Kulp, 1959). Concordant U-Pb dates on zircon and uraninite indicate a 
probable date of about 1040 for the Grenville event (Eckelmann and 
Kulp, 1957). Potassium-argon ages on Sterling Hill micas give an age of 
about 850 m.y. (Long and Kulp, 1959) for the last major metamorphism 
of the area. Potassium-argon ages on phlogopite from the Inwood marble 
and surrounding rocks (Long and Kulp, in press) indicate a major event 
at about 360 m.y. It is possible that the Inwood marble was formed as 
early as 850 m.y. and that the 360 event did not heat the rock sufficiently 
to cause loss of helium. The fact that the 360 event produced widespread 
pegmatites, however, points to a significant metamorphic event. It is 
also possible that the Sterling Hill marbles may have been produced at 
about 1100 m.y. ago and survived the 850 m.y. event. As will be shown 
below, the uncertainties in the true age are not critical to the argument. 

On the basis of the ages and the alpha activities listed in Table 3, the 
“expected” helium content of the rock is calculated. This is the amount of | 
helium produced in the rock by radioactive decay since its formation. 
The per cent “excess’”’ helium is defined as 


Hemeasu red —_ Heexpected 


X 100. 


[eleexnected 


Likewise in case the mineral contains less than the expected amount and 
hence has lost helium, the per cent retained is, 


Hemea sured 
LUO 


EHeexpected 


The results on the fossil shells KF-1 and SB-3 show that most of the 
uranium must be located on the surface of grains or in association with 
the organic phase. Since the ammonite composite, KT-1, is still aragonite 
the loss of helium cannot be explained by loss during recrystallization of 
the primary calcium carbonate to calcite. Some evidence for the surficial 
uranium may be the lower radium content observed for KT-1 after leach- | 
ing with acid (Table 2). In most cases, as in JS-1, it is unlikely that leach- 
ing can be sufficiently selective to determine the fraction of uranium in 
surficial sites. 


The dog-tooth spar from the Joplin, Missouri lead deposits was surely | 
formed at low temperature and atmospheric pressure. It shows loss of at 
least 85% of its helium if the time of formation is accepted. The latter is | 
probably uncertain by a factor of two but this does not alter the picture. | 


only a small fraction of the total helium generated in the sample in the 
course of its geologic history, thus accounting for the low retentivity. || 
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Since the ratio of external to internal uranium is highly variable, no 

retentivity factor can be defined to correct the experimental He/U ratio to 
_ the actual one for the system as a whole throughout its geological his- 
tory. As a result it appears that the helium age method cannot be used in 
sedimentary carbonates. It is probable that this conclusion applies to all 
| minerals with low uranium content and high internal surface area. 
| The results on the helium content of a selected group of marbles indi- 
"cate that there may generally be a large excess of helium. The Grenville 
| sample (GSK) has twelve times the helium expected from the uranium 
content. The samples from New Jersey Highlands (RC-1 and SH-3C) ap- 
} peared to have an equally large excess but here the uranium analysis is 


TABLE 4. Excess HELIUM AND ARGON IN MARBLES AND BERYL 


Sample Elenco iveny//o7 les/iaee 
a 
| G5K 53 > 2000 
] GSK (<200 mesh) Os 
|, IN-1 .029 
SH-3C .024 
RC-1 .027 
Average of 12 beryls 27 Dilisteths 


(Damon and Kulp, 1958) 


too low to permit an accurate estimate to be made. The sample from the 
| Inwood marble shows six times the expected helium content. 

} _ The presence of “‘excess’’ helium in these samples is evidence for the 
inherent high retentivity of the calcite lattice. Under magmatic-meta- 
1morphic conditions it appears that helium can be trapped in inclusions in 
lithe growing calcite crystals. The quantity that is trapped is far less than 
iis observed in beryl and cordierite lattices (Damon and Kulp, 1958) 
which contain channels of sufficient size to incorporate large foreign ions 
readily. For example, the Grenville marble shows 10 times less non-radio- 
t genic helium than the average beryl (Table 4). This is probably present in 
small vacuoles in the calcite since all of these marbles showed liquid-gas 
inclusions frequently localized on sharply defined planes traversing 
Jintergrain boundaries. Microscopic examination of a <200 mesh frac- 
ition revealed some tendency to preferred breakage along these inclusion- 
\rich planes. Thus it was not surprising that grinding to less than 200 
imesh decreased the helium content by more than a factor of two. 

| If the uranium were fairly homogeneously distributed in the rock, 
ithe produced helium should be even more so because of the range of the 


1 


alpha particles. Hence for nearly perfect crystals the loss of helium on 
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grinding should not be significant unless the resulting fragments were of 
unit cell dimensions. The observed loss confirms the conclusion that the 
excess helium is largely located in inclusions. If significant diffusion had 
occurred it might be expected that the helium would be more homogene- 
ously distributed. 

It is particularly interesting to note that after grinding, the helium 
content of the Grenville limestone dropped by more than a factor of two 
although a significant fraction of the inclusions remained intact. Thus it 
appears that it may be possible to obtain an approximation to the true 
age of marbles from the uranium/helium ratio under certain conditions, 
particularly if the sample had only large inclusions and no small ones. 
Nevertheless, the method does not appear to have much practical value 
due to the large uncertainties involved. 

A single determination of the argon content of the Grenville specimen 
indicates a much higher ratio of helium to argon than the average for the 
beryls formed in the pegmatite environment. Possibly this reflects the 
U/K ratio of the immediate environment during metamorphism but 
more measurements would be required to establish this hypothesis. 


CONCLUSIONS 


1. The gross helium retentivity in shells and sedimentary carbonate 
crystals appears to be small and highly variable. Although the actual re- 
tentivity of the calcite lattice is considered to be essentially 100%, the 
low gross retentivity is due to the high ratio of external to internal 
uranium. 

2. Coarse-grained marbles appear to retain their helium quantita- 
tively, but ‘‘excess helium” is present due to fluid inclusions containing 
gases present in the metamorphic environment. Upon grinding, the 
marble may break along the planes containing the fluid inclusions and 
thus reduce the helium/uranium ratio. 

3. The helium method does not appear to be a practical geochronom- 
eter for carbonates. 
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NEW DATA ON DEWEYLITE , 


Davis M. Lapuam,* Bureau of Topographic and Geologic 
Survey, Harrisburg, Pennsylvania. 


ABSTRACT 


The several sub-varieties of deweylite from Cedar Hill, Pennsylvania, formed from 
aqueous, possibly colloidal, low temperature solutions by the alteration of pre-existing 
magnesium silicates in serpentinite. Fluorescent white deweylite, pseudomorphs of dewey- 
lite after aragonite, and iron and nickel bearing varieties are described. Molecular water is 
characteristic of deweylite and is present in varying amounts. The ratio of tetrahedral 
cations to octahedral cations is approximately 1:1. The structure of deweylite is similar to 
that of antigorite, containing a superlattice probably in the a direction of about 83 ao. Line 
broadening is extreme and characteristic, and many of the antigorite reflections are weakly 
diffuse or absent. Analysis of the data suggests that Cedar Hill deweylite may be a diocta- 
hedral modification of antigorite with an undulant character in the ab plane and containing 
crystallites on the order of a few hundred Angstroms. No single crystals or well crystallized 
samples of deweylite have been discovered. 


INTRODUCTION 


During the course of a Pennsylvania Geological Survey field mapping 
project in the serpentinized ultramafics of southeastern Pennsylvania 
two previously undiscovered minerals were found in a serpentinite fault 
breccia in the Cedar Hill serpentinite quarry in Lancaster County. One of 
these is bright emerald green, massive and possesses a conchoidal frac- 
ture. The other occurs as small, white radiating crystal groups found in 
cavities within the breccia matrix. A cursory x-ray examination showed 
that Debye-Scherrer patterns for both of these minerals correspond to 
previously published diffraction patterns for deweylite. Since the color 
and crystal form of these specimens differ from other known occurrences, 
and since the properties and structure of deweylite are not well known, 
this investigation was undertaken to shed more light on this rather un- 
usual mineral. 

Several occurrences and analyses of deweylite have been described in 
the literature (Rogers, 1918; Ross and Shannon, 1925; Daly, 1935; Self- 
ridge, 1936; Konta, 1951). Rogers (1918) and Daly (1935) report an oc- 
currence in limestone associated with a calcite-brucite rock and spatially 
related to a nearby quartz monzonite porphyry dike. Rogers (p. 584) 
states that the sequence of mineral formation, from oldest to youngest, 
is periclase-brucite-hydromagnesite-deweylite. Daly (p. 651) questions 
the supergene origin ascribed to this deweylite by Rogers, stating ‘that 
the genesis of these silicates (chrysotile and deweylite) can be assigned to 
the action of solutions emanating from this dike on previously formed 
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minerals (epidote or diopside...) and thus in this case their origin 
would be hypogene.”’ However the majority of deweylite occurrences are 
associated with serpentinites in fractures which post date at least initial 
serpentinization and are generally believed to be of supergene origin 
from colloidal suspensions (Konta, 1951, p. 420). 
| Optical, differential thermal, x-ray, and chemical data have been given 
_ for deweylite, but only on the specimens described by Konta have all 
_ these analyses been performed for each sample. In general, deweylites re- 
ported in the literature have the following characteristics: 1) a close re- 
| semblance to the serpentine structure but with the absence of many 
| (hkl) reflections and a characteristic line broadening; 2) a chemical com- 
_ position approaching that of serpentine but with a higher Si/Mg ratio 
and more molecular water, and 3) variable indices of refraction lower 
| than those for chrysotile or antigorite. 


GEOLOGIC OCCURRENCE 


The Cedar Hill Quarry from which these deweylite samples came is 
|| located 4 mile east of Pennsylvania Route 222-72 just north of the 
Pennsylvania-Maryland state line, in Lancaster County. Deweylite 
/ may also be found at the old Wood chromite mine about one mile to the 
| east and has been reported on by Selfridge (1936, p. 483, 484, 499). 
| The Cedar Hill Quarry is composed of serpentinized dunite which has 
| been intruded by siliceous pegmatites, highly fractured, faulted, and 
deeply weathered along fault and fracture planes. This serpentinite is 
part of a NE-SW trending belt of ultramafics, mafics, and granitic peg- 
| matites which extend from the Susquehanna River eastward about 15 
| miles. 

There are three distinct occurrences of deweylite at Cedar Hill: 1) red- 

)\ dish brown deweylite associated with limonite in a steeply dipping fault, 
j.often slickensided so that it has the appearance of fault gouge; 2) red, 
»yellowish green, and pale yellow in a nearly horizontal fracture and 
(crudely zoned with red along the contact and pale yellow in the center of 
lithe fracture, and 3) white pseudomorphs, massive white, and massive 
kgreen in a vertical fault breccia containing open cavities with small 
h magnesite stalactites, brucite crystals, and deweylite pseudomorphs. 
The breccia matrix in the latter occurrence contains blebs of green and 
white fluorescent deweylite surrounded by a mixture of magnesite and 
tdolomite. Angular fragments of spotted serpentine from a few milli- 
meters to several feet in size are present, often with a narrow rim of 
}chalcedony between the serpentine and the magnesite-dolomite ree 
|iThe spotted appearance of the serpentinite in the breccia 1s the result o 
| differential weathering of serpentine and olivine. 
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Assuming that the red-brown deweylite samples in the two unbrec- 
ciated fracture systems are contemporaneous, the paragenesis of the 
deweylite and associated minerals in the above three occurrences may be 
divided into two groups. (1) In the unbrecciated fractures the red-brown 
deweylite was followed by both yellow and white fluorescent varieties. 
A similar paragenetic sequence has been described by Konta (1951, p. 
420). This fracture system has been displaced by a later fracture system 
containing chlorite and vermiculite. (2) In the breccia, the following se- 
quence was observed, from oldest to youngest: chalcedony, dolomite and 
magnesite, replaced by white fluorescent and green deweylite, brucite, 
botryoidal and stalactitic magnesite, aragonite, deweylite pseudomorphs, 
and lastly, opal and hydromagnesite which coat the pseudomorphs (Fig. 
1, b-e). Sepiolite is associated with some of the deweylite, but its para- 
genetic relations are not known. 

Although the solutions from which deweylite formed are often con- 
sidered to have contained colloidal suspensions, their source has been 
variously thought to be both hypogene and supergene. One of the reasons 
for these two hypotheses lies in its association with both contact meta- 
somatic magnesium silicates and also with supergene magnesium cra- 
bonates and hydroxides. The occurrence of the Cedar Hill deweylite in 
fractures and in a serpentinite breccia indicates that it formed after at 
least some of the faulting occurred, and that this faulting itself postdates 
serpentinization. Numerous vertical faults and fractures contain chlorite 
borders and vermiculite centers. The relation between these and the 
deweylite is not clear. Although one horizontal fracture containing 
deweylite ends abruptly at a chlorite-vermiculite fracture filling, an- 
other, a horizontal deweylite fracture, appears to continue through the 
chlorite-vermiculite. The time of the deweylite formation relative to the 
chlorite-vermiculite crystallization is further obscured by the fact that 
the vermiculite is probably a supergene alteration product of an earlier 
hydrothermal mineral assemblage (Klup and Brobst, 1954; Bassett, 
1959, p. 293-295). 

Several observations bear upon the temperature of deweylite forma- 
tion. The dolomite-magnesite-deweylite matrix in the fault breccia does 
not appear to have replaced the angular fragments of serpentine and 
thus temperatures of formation for this assemblage must have been 
within the stability range of serpentine, below 500° C. (Bowen and 
Tuttle, 1949; Gillery 1959, p. 144-146). Numerous cavities in the breccia 
also indicate that these minerals formed in an open fracture rather than 
by replacement. Magnesite, brucite, opal, and hydromagnesite, and to a 
lesser extent deweylite, are found throughout this serpentine belt as a 
surficial coating on open fracture surfaces and appear to be secondary 
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minerals of supergene origin. In addition to these data the spotted ap- 
pearance of the serpentine in the breccia well below the zone of surficial 
weathering, the presence of limonite associated with the reddish brown 
deweylite, and also a possibly supergene vermiculite nearly 100 feet be- 
low the surface all attest to the activity of supergene ground water solu- 
tions migrating along fractures. 

Magnesite within the breccia cavities is typically stalactitic and bo- 
tryoidal, with a glassy appearance and a conchoidal fracture. Deweylite 
has a similar appearance and is composed of aggregates of colloidal size. 
Such physical features are characteristic of low temperature mineraliza- 
tion and may represent crystallization from a colloidal gel formed by the 
alteration of pre-existing magnesium silicates. Likewise, Konta (1951, p. 
420) concludes that the very similar Mladotice deweylites in serpentine 
are of low temperature origin from colloidal suspensions. 


DEWEYLITE PSEUDOMORPHS 


Representative examples of the deweylite forms are shown in Fig. 1. 
Sketches (a), (0), and (d) indicate an orthorhombic, or possibly mono- 
clinic, habit; (c) is orthorhombic (pseudo-hexagonal); (e) is the most 

common form and consists of a central plate of deweylite coated with 
hydromagnesite. Pseudomorphs are typically grouped in radial clusters. 
The associated botryoidal and stalactitic ‘pencils’ of magnesite are 
illustrated in (d). 

A search of the literature was undertaken to determine the original 
crystal which the pseudomorphs represent. Although positive identifica- 
tion is not possible, the pseudomorphs most closely resemble aragonite 
{see Goldschmidt, 1913, p. 97, 98, 104) which is relatively common in 
crystal clusters both at Cedar Hill and the nearby Wood chromite mine. 

A survey of the literature and of the excellent collection of serpentine 
-pseudomorphs at the Mineralogical Museum at Columbia University re- 
vealed pseudomorphs after pectolite, chrysolite, chlorite, chondrodite, 

dolomite, calcite, garnet, enstatite, hornblende, tremolite, pyroxene, 
brucite, apatite, and magnetite. This, however, is believed to be the first 
report of deweylite after aragonite. 


OPTICAL PROPERTIES 


Indices of refraction (Table 1) were determined in white light with a 
daylight blue filter. The accuracy of determination is considered to be 
La 0.003. | 

Birefringence is on the order of 0.004 to 0.006. Two types of structures 
‘were noted: very fine-grained aggregates, and fibrous bands resembling 
chalcedony. Where both materials occur together, the banded deweylite 
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Fic. 2. Pseudomorph of deweylite after aragonite illustrating an earlier aggregated dewey- 
lite (center) and a later banded, fibrous deweylite (rim). The black mineral is opal. X nicols. 
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forms an outer rim (Fig. 2). The white pseudomorphs of deweylite (435 
in Table 1) are closely associated with opal (Fig. 2). The reddish brown 
deweylite (#2 in Table 1) did not exhibit any limonite in either trans- 
mitted or reflected light, hence at least some of the reddish brown color is 
believed to be inherent in the deweylite itself. 

The indices of refraction of the Cedar Hill Material are compared with 
published values in Table I. The indices range in value from very near 
that of opal at 1.48 to approximately the values for well crystallized antig- 
orite at 1.548. All of the material from Pennsylvania (Table Eel-S)isan 


TABLE I. INDICES OF REFRACTION FOR DEWEYLITE 


(1) (2) (3a) (38) (4) (Sa) (5d) (6) 


a 1.504 APS iit 1.500 if Salil 1.507 iL soulit 1522 1.500 
¥ 1.509 1.516 1.506 ou! 1.512 1.518 1.527 1.509 
(7) (8) (9) (10) (11) (12) (13) (14) 
a 1.500 1.487 1.538 LE SOSto MO ZSitom de 532 1.548 1.546 
y 1.510 1.546 1525 1555 1.540 
(1) White fluorescent deweylite in fibrous bands; +.003; Cedar Hill. 
(2) Reddish brown deweylite; indices from fibrous bands on edges; no indices deter- 
mined on inner aggregates; +.003; Cedar Hill. 
(3a) White pseudomorphs; outer fibrous bands; +.003; Cedar Hill. 
(3b) White pseudomorphs; inner aggregate; +.003; Cedar Hill. 
(4) Yellow green; aggregates; no fibrous bands; +.003; Cedar Hill. 
- (Sa) Emerald green (nickeliferous); outer fibrous bands; +.003; Cedar Hill. 
‘ (5b) Pale green; inner aggregates; +.003; Cedar Hill. 
(6) ‘Texas, Pa. (Selfridge, 1936, p. 483). 
(7) Lancaster County, Pa. (Selfridge, 1936, p. 483). 
(8) Delaware, Pa. (Selfridge, 1936, p. 483). 
(9) Pseudomorph after pectolite, Jersey City, N. J. (Selfridge, 1936, p. 483). ; 
(10) Variation of indices; average at 1.510; Webster, N. C. (Ross and Shannon, 1925, 
p. 445) for a nickeliferous deweylite. ee ; 
(11) Considered to be a mixture with chrysotile; E. Chino Quarry, Riverside, Calif. 
(Daly, 1935, p. 651). 
(12) Brown; Mladotice, Czech. (Konta, 1951, p. 413). 
(13) Green; Mladotice, Czech. (Konta, 1951, p. 413). 
(14) White; Mladotice, Czech. (Konta, 1951, p. 413). 


lower portion of this range. In addition, where there is a rim of banded 
fibers, this material has a lower index than the inner, fine-grained aggere- 
gates. Within any one sub-variety of deweylite the indices vary: in the 
Cedar Hill material over a narrow range; in the Webster, N. C. material 
(Ross and Shannon, 1925, p. 445) and the Riverside, Calif. samples 
(Daly, 1935, p. 651) over a much wider range. 
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The influence of molecular water in decreasing the index of refraction 
may be seen from the data given by Konta (1951, p. 414, 415) and is 
similar to that observed in the opal-quartz series. It seems highly prob- 
able that this wide variation in the indices of deweylite is the result of 
variable HO content and that the conchoidal fracturing observed in 
deweylite is evidence of hydration. If this is the case, then the outer rims 
of deweylite either represent a hydration stage in which more water was 
available, or a rehydration of previous deweylite. The former interpreta- 
tion is preferred by the author for the Cedar Hill samples. This is based 
both on the appearance of the rims (Fig. 2) and by analogy with the 
paragenetic sequence given by Konta (1951, p. 415, 420) which also sug- 
gests that the youngest deweylite contains the most molecular water. 

With respect to the green deweylite (Table I, 5a, 6), the higher index 
material contains the deepest green coloration. Since this green variety 
contains significant amounts of nickel, there may also be a correlation 
between indices and nickel content, or with the amounts of nickel and 
H,O present if the nickel were in a structural position such that an 
(OH)--Ni attraction would be significant. As yet, this remains a moot 
question. 

CHEMICAL COMPOSITION 


Material selected for chemical analysis was examined both optically 
and with the aid of «-ray powder photographs to obtain samples free 
from impurities. A small amount of magnesite was present in the two 
samples selected. A negligible amount of opal may also have been present. 
Because of the difficulty of obtaining sufficient amounts of pure dewey- 
lite, only the white, fluorescent (1) and reddish brown (2) deweylites 
were analyzed (Table II). 

The a-ray spectrographic methods utilized both external and internal 
standards. Wet chemical analyses were used as external standards to 
determine total iron content based on the FeK, line. For nickel, NiCOs 
was used as an internal standard based both on the Nik, and NiKg 
lines. The matrix used was white, fluorescent deweylite. Three runs were 
averaged at each frequency and the slope of the resulting graph was used 
to obtain the results listed in Table II. Since the Mn content was quite 
low and consistently uniform for all the deweylite samples, the amount 
present was estimated from the slopes of the iron and nickel curves. 

The calculation of the chemical formulas (Table II) is based on three 
tetrahedral cations per unit cell since this yields more nearly whole num- 
ber octahedral cation values than would two tetrahedral cations per unit 
cell. The structural formulas are written with (OH), plus molecular water 


to conform to the serpentine structure, rather than expressing all the 
water as H,O. 
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Three steps were performed in obtaining the corrected chemical anal- 
yses listed in Table II. Sufficient Mg was subtracted to utilize all of the 
CO: as magnesite, present as an impurity. The iron was recalculated 
from FeO; to FeO on the assumption that all the iron is within the 


TasBLe II. CaemicaL ANALysEs, CEDAR Hitt DEWEYLITE 
Analyses by L. E. Gingerich, Pa. R. R. 


(1) Massive, white, fluorescent deweylite (a) 


Atoms/unit 


Analysis Corrected Atomic Ratio ma 
% SiOz 49.64 52.43 .8748 3.000 
% AlsOz 0.00 
% Fe203; 2.40 
% FeO 2.16 .0301 0.1036 
% MgO 32.07 31.62 . 7841 2.6997 
% NiO tr 0.16* .0021 0.0072 
% COz 2.34 
% HO 12.90 13.62 3.0238 10.4109 
Total 99.35 99.99 
Formulas: ibe (Mge.70F e.19Ni.o1)2.81513.0O7 (OH )s.0 ° 3 A 2H:2O 
Pe (Mg, Fe, Ni)3Si307- (OH)s:-3H20 
(2) Reddish brown deweylite (0) 
: At it 
Analysis Corrected Atomic Ratio ers ant 
cell 
% SiO» 44.82 48.69 ne on 
% AlsOz 0.67 0.73 .0286 
% FeO; 3 29 
% FeO Sin) .04495 0.1600 
% MgO 33.38 32072 .81099 2.893 
% NiO tr (Weatilee .00147 0.005 
% COz SOO 
% H2O 13.36 14.51 3.22176 11.492 
Total 99.08 99.99 


Formulas: 1. (Mego. 9F’€0.16)3.1 (Siz. 9Alo.1)3.0° (OH)s.0° 3h 75H:O 
2. (Mg, Fe)s(Si, Al)s07- (OH)4:4H20 


* Analyses by «-ray spectrograph. 
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deweylite and not present as limonite, since optical observations did not 
reveal any limonite or hematite. However, small amounts are probably 
present and hence the iron content listed in Tables II and III is a maxi- 
mum value. The resulting values were then recalculated to total 100 per 
cent. 

An interesting feature is the high nickel content of the emerald green 
deweylite (Table III, #5). The intensity of the green coloration is directly 
proportional to the amount of nickel present. The analyzed sample was 
selected from material which was largely emerald green. However, since 
small amounts of pale green and white deweylite could not be completely 
separated, the value of 4.53% NiO is not the maximum nickel content, 
although the maximum probably does not exceed 5%. Previously Ross 
and Shannon (1925, p. 445) have reported a green deweylite from 
Webster, N. C., containing 4.2% NiO. 

Perhaps the most interesting result from the chemical analyses is the 


TaBL_eE III. X-Ray SPECTROGRAPHIC ANALYSES OF DEWEYLITE 


% Cr2Os % NiO % FeO % MnO 
(1) White fluorescent nil 0.16+ .03 2.16 .03+ .01 
(2) Reddish brown nil OslteE 203 Oe23 LO2s- 2 OR 
(4) Yellow-green nil ONMeE.03 2.38 (0232.01 
(5) Emerald green nil 4.53+ .04 2.13 .03 + .01 


Ni Analyses: NiCO; internal standard on Nika and Nikg. 
Fe Analyses: Wet chemical external standard FeKa. 
Mn Analyses: Estimate based on slope of Ni and Fe curves. 


high Si:(Mg+Fe+Ni) ratio. In most chrysotiles and antigorites this 
ratio is approximately 2:3, representing a trioctahedral structure. The 
Cedar Hill deweylites in Table II have a ratio very close to 1:1. Analyses 
given by Ross and Shannon (1925, p. 445), Daly (1935, p. 650), Selfridge 
(1936, p. 449), and Konta (1951, p. 414) for deweylite generally fall be- 
tween these ratios. One consequence of this ratio will be discussed under 
the differential thermal analysis data in reference to the formation of 
clinoenstatite (1:1 ratio) as opposed to forsterite (1:2 ratio). Another 
consequence lies in the speculation that octahedral cation holes may exist 
in deweylite. In the case of the two analyzed Cedar Hill deweylites, a 1:1 
tetrahedral to octahedral cation ratio would represent a dioctahedral 
serpentine, while the values reported by other analysts would be more 
trioctrahedral in character. Bates (1959, p. 95) has discussed the possibil- 
ity of cation deficiencies as it relates to serpentine morphology, but did 
not note a completely dioctahedral serpentine. 
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(e) Wickel/ferous deweylite with magnesite (M) 
(b) Reddish brown deweylite with magnesite \M) 

(d) Yelowrsh green deweylite with aragonite(?) (A) | 
(0) White fluorescent deweylite with aragonite(?) ( h) | 


(f) Antigorite from Cedor Hill serpentinite breccia with olivine(O) and goethite\G) 
(g) Antigorite from Easton, Po. 


Fic. 3. Differential thermal curves of deweylite and antigorite. 


No chemical explanation has been found for the fluorescence of the 
white deweylite. Neither manganese (Table III) nor chromium (not 
present) is responsible. 


DIFFERENTIAL THERMAL ANALYSIS 


The DTA curves reproduced in Fig. 3 were run on a commercial in- 
strument, the Deltatherm, at 10° C/min. The sample head accommo- 
dates four samples. Both quartz and kaolinite were used as standards. 
The accuracy is +10° C. One deweylite and one Cedar Hiil serpentine 

from the breccia were also kindly rerun by Robert C. Bolger to serve as a 
further check. 

In Fig. 3 several deweylite curves are compared with two antigorite 
‘curves. There is a general correspondence between them, although the 
transformation temperatures serve to differentiate them. The endothermic 
‘reaction at 125°-140° C. represents the loss of molecular water. The 
‘endothermic reaction at 625°-675° for deweylite and at 700° and 775° C. 
|for antigorite represents the loss of structural water. Magnesite tends to 
|lower the peak temperature of this endothermic reaction. Between this 
‘endothermic and the following exothermic reactions, «-ray powder photo- 
graphs do not exhibit diffraction lines, indicating that the short range 
order of a crystal structure has disappeared. The exothermic reactions at 
‘800° to 850° C. represent the crystallization of anhydrous magnesium 


-silicates. 
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Several features are of interest. The lower temperature for the second 
endotherm of deweylite, as contrasted with a higher temperature for 
antigorite, is probably in part a consequence of its greater degree of dis- 
order. Nickel also appears to lower this peak temperature as has been 
noted by Caillere and Henin (1957, p. 221-224). I, as Caillere and Henin 
believe (1948, p. 114-118), this peak temperature is related to the com- 
position of the octahedral layer, nickel may be the cause of this lower de- 
composition temperature. It may also be related to the extent to which 
the cation octahedral sites are filled. 


Tic. 4. X-ray powder patterns of (f) clinoenstatite with minor forsterite, (g) forsterite 
with clinoenstatite and (h) forsterite from differential thermal treatment of samples (b), 
(a), and (f) (brown deweylite, white fluorescent deweylite, and antigorite respectively) in 
Fig. 3. 


Another interesting feature is the occurrence of two exothermic peaks 
for deweylite, at about 800° and 820° C., while antigorite exhibits only a 
single exothermic reaction between 805° and 840° C. Post DTA «x-ray 
powder patterns of the antigorite samples contain only forsterite. Simi- 
larly Aruja (1945, p. 72) notes that only forsterite is produced by heating 
antigorite until a run of 25 hours at 1000° C. exhibited a faint line at the 
position of the strongest line of enstatite. From this, he was not able to 
differentiate between enstatite and clinoenstatite. Konta (1951, p. 416) 
reporting on the differential thermal analysis of deweylites presents 
curves with a single exothermic reaction at about 800° C., noting that 
“the crystallization of the orthosilicate MgsSiO,”’ predominates but that 
MgSiOy is also shown to be present in the x-ray powder photographs. 
Post DTA x-ray photographs corresponding to DTA curves of deweylites 
(b) and (a), and of antigorite (f) in Fig. 3 are reproduced in Fig. 4, 
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labelled (f), (g) and (x) respectively. The DTA curves show an increase 
in the area under the curve for the higher temperature exotherm, and 
the x-ray photographs show a corresponding change from predominantly 
clinoenstatite in (f) to predominantly forsterite in (). This correspond- 
ence is taken to mean that the lower exotherm represents forsterite 
formation dominantly from antigorite, and the higher temperature that 
of clinoenstatite from deweylite. 

The formation of forsterite at a temperature below that of clinoensta- 
tite is quite interesting. From the points of view both of mineral structures 
and paragenetic field evidence, forsterite is often considered to be the 
higher temperature mineral. In the case of the deweylite and antigorite 
thermal products it is believed by the author that initial chemical com- 
position is the controlling factor. Clinoenstatite has a Si: Mg ratio of 1:1, 
whereas the ratio in forsterite is 1:2. The former ratio corresponds almost 
exactly to that of the two Cedar Hill deweylites (Table II), while the 
latter corresponds more closely to the 2:3 ratio of serpentines. There is, 
however, an even closer correlation within the deweylites themselves. 
The white fluorescent deweylite contains more silica than the reddish 
brown deweylite (Table II). This correlates very well with the greater 
area under the higher temperature endotherm for clinoenstatite from the 
white deweylite as compared to that from the reddish brown deweylite. It 
also correlates with the relative amounts of clinoenstatite in the x-ray 
patterns (Fig. 4). Further support is lent to the supposition that chemical 
composition controls the decomposition products by the apparently 
amorphous nature of the deweylite preceding the exothermic reactions. 
Thus structural control does not seem to be significant. 


STRUCTURAL DATA AND INTERPRETATIONS 


General Discussion 


Several x-ray powder techniques were utilized in an attempt to deter- 
mine the structural characteristics of deweylite. Two or more powder 
photographs were taken for each sample using Cu K, radiation, a Ni 
filter, approximately a 3-hour exposure time, and Duco Cement as the 
bonding medium. Asa result of the extreme line broadening (Fig. 5) meas- 

urements of 20 are accurate only in the first decimal place, despite the 
fact that they have been checked by diffractometer runs calibrated by a 
Si standard. Intensities listed in Table IV were estimated visually, and 
‘modified somewhat by diffractometer runs between 5° and 60° 20. The 
(N20) or (02N) series listed in Table IV are all weak reflections. 

A general structural correspondence between the serpentine minerals 
and deweylite may be seen from Fig. 5 and Table IV. The assigned in- 
dices are based on those of antigorite as given by Brindley and von Knor- 
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Fic. 5. X-ray powder patterns of deweylite: (a) white fluorescent; (b) reddish brown; 
(c) pseudomorphs after aragonite; (d) yellowish green, and (e) nickeliferous. Letters corre- 
spond to Table IV. 


ring (1954, p. 799) and will be discussed later. The reflections which are 
present in deweylite are also present in the serpentine minerals. However 
many of the serpentine reflections are absent in deweylite, notably among 
the (20/) series. Those present are all broad and diffuse in character. In 
comparison with the serpentines, all of the deweylite samples in Table IV 
exhibit lattice expansion in the ¢ direction and a small contraction along 
the 6 axis. Such a contraction as that of the (060) may be another indica- 
tion of a tendency toward dioctahedral character for deweylite as sug- 
gested by an M* cation deficiency calculated from the chemical anal- 
yses. As may be seen from Fig. 5 and Table IV there are significant 
variations in intensity within the deweylites themselves, notably be- 
tween the (O0/) and (O&O) series of reflections. These differences between 
serpentine and deweylite in «-ray characteristics appear to be consistent 
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and should serve to differentiate deweylite from botk antigorite and 
chrysotile whose characteristics recently have been summarized by Eitel 
(1958, p. 131-138). 

The 10 A reflections visible in Fig. 5 are believed to represent the pres- 
ence of sepiolite and are most noticeable in patterns (a) and (c), white 
fluorescent and white pseudomorphic deweylite respectively. Those re- 
flections which may in part be a combination of sepiolite and deweylite 
are denoted in Table IV. Magnesite is nearly always present in small 
amounts, and it seems probable that at least one of the reflections (1.717 
A) listed by Selfridge (1936, p. 469) and Konta (1951, p. 419) for dewey- 
lite belongs to magnesite. 


Influence of M* Cations 


The deweylite x-ray powder photographs in Fig. 5 and Table IV have 
been arranged to show a progressive increase in intensity of (002)/(020). 
A possible explanation may exist in a correlation between M* cation 
substitution and the effect of this substitution on the absolute structure 
factor, | F| . If it is assumed that substitutional changes in either the octa- 
hedral or a possible interlayer site will not affect the (020) intensity, and 
this seems probable, then semi-quantitative F calculations based on a 
modification of the basic units of the chlorite structure show that in- 
creasing degree of substitution, or the substitution of heavier atoms, will 
increase the (OO/) intensity for at least the first four orders. Such a calcu- 
lation also shows that the effective increase in intensity will be greater for 
octahedral than for interlayer substitution. The evidence for such a cause 
and effect is slight, but worth noting. 

The chemical analyses of the white (@) and reddish brown (0b) dewey- 
lites in Table II show that the latter contains more M* cations. Simi- 
larly, there is a noticeable increase in the (002)/(020) intensity ratio. The 
nickeliferous deweylite (e) yields the highest intensity ratio of those ana- 
lyzed. This may be explained easily either by degree of octahedral (or 
interlayer) substitution or by the substitution of Ni which has a greater 
atomic weight than Mg. Since this intensity ratio cannot be explained for 
the non-nickeliferous, iron deweylites (a—d) solely on the basis of total Fe 
content, it seems logical to assume that the unit cell quantity of all the 
M*’ cations is as important as the substitution of a heavier cation for Mg. 
It is also interesting to note that most serpentine mincrals have a high 
(002/020) intensity ratio and also have significantly more M+ cations 
than deweylite, suggesting that the observed intensity changes in dewey- 
lite may be the result of octahedral substitutions which approach that of 
serpentine in the degree to which the octahedral sites are filled. 

There is also a noticeable increase in most of the deweylite lattice spac- 


NEW DATA ON DEWEYLITE 183 


ings as compared with those of antigorite and chrysotile. This may well 
| be the result, in part, of interlayer molecular water, which helps to ex- 
plain the variability of the (00/) spacings. It is also possible that a corre- 
lation may exist with the M* cations. For example the nickeliferous 
deweylite appears to have the smallest cy value. However, the diffuse 
character of the reflections does not allow a sufficient accuracy of meas- 
urement to draw conclusions in this regard. 


_ Line Broadening and Crystallite Size 


_ Measurements of line broadening for comparison among the deweylite 

_ samples and for crystallite size calculations were made at one half the 
peak height (6,) from diffractometer traces. This is often inaccurate be- 
cause of pronounced peak asymmetry and because the establishment of a 
background base-line is difficult as a result of the extreme broadening. In 
addition, superlattice reflections (to be discussed below) often are super- 
imposed upon the flanks of major peaks. As a consequence of these limita- 
tions quantitative calculations are highly inaccurate as far as absolute 
numerical values are concerned. It is hoped, however, that relative com- 

_ parisons are useful if used with caution. 

Line broadening in deweylite could be, and probably is, the result of 
several factors, rather than any single one. Limited randomness in the 
packing of the layers (stacking disorder resulting in crystallites) may be 
a significant factor. The colloidal size and aggregated optical character of 
the deweylites may be a large scale consequence of such a disorder. Aruja 
(1945, p. 71) in connection with antigorite also mentions the possibility of 
variation in the structure factor from one unit cell to the next as a result 
of two different types of octahedral cavities. However, the deweylite line 
broadening is much greater than that in antigorite and hence this cannot 
be the major factor. Extreme warping of atomic planes will also result in 

line broadening. A double half wave structure, such as that proposed by 
Kunze (1957, p. 104) for antigorite, may be contributory but again seems 
) unlikely as an explanation for the more pronounced broadening of dewey- 
|lite. However, warping of atomic planes might also be caused by incom- 
| plete lattice substitution or by “stuffing.”” Evidence has been presented 
| previously that incomplete octahedral substitution may exist. The extent 
ito which this may be a cause of deweylite line broadening is not known. 
Calculations of crystallite size were carried out for all five deweylite 
<samples (a—e) assuming all line broadening to be the result of the presence 
(of crystallites. The values thus obtained are minimal values. The formula 


wused was 


a where K = 0.9 
Bij2 Cosé 


Dixt = 
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on the assumption that the crystallites sufficiently approach sphericity so 
that no significant errors are introduced in the shape factor. Data are pre- 
sented in Table V only for the nickeliferous (e) and yellowish green (d) 
deweylite samples since all others yield values similar to that for yellowish 
green deweylite. Useful determinations in the ¢ direction were not obtain- 
able. 

From Table V it can be seen that the minimal crystallite size is on the 
order of 100 A. It also can be seen that the & dimension is somewhat 
greater than the / for all except the nickeliferous deweylite where the 
situation is reversed. If, as Aruja suggests for antigorite (1945, p. 66), the 
b axis is the fiber axis, then the longer dimension of the majority of the 
deweylite crystallites parallels this direction. That this is not the case for 
the nickeliferous deweylite suggests that crystallite dimensions may be 
compositionally or structurally controlled by the presence of Ni ions in 
the lattice. 


TABLE V. CRYSTALLITE SIZE (D) DETERMINATIONS FOR DEWEYLITE 


(d) Yellowish green (similar for white and reddish brown) 


D006) Door) Doo.0.12) D060) Deoe) 
80 A 1isA 82 A 98 A 
k>l 


(e) Nickeliferous 
106 A 81A 105 A T7A 
1>k(>h) 


on 
n 
bo 


Superlattice Structure 


Diffractometer traces of the Cedar Hill deweylite samples contain 
numerous small peaks belonging to an (#20) or (02/) series of reflections 
(Table IV). This series suggests a superlattice for deweylite similar to the 
superlattice structures of antigorite. Aruja (1945) proposed a superlattice 
in the a axis direction for antigorite, while Brindley and von Knorring 
(1954, p. 801-802) also discuss the possibility of a ¢ axis superlattice. 

Since x-ray powder analysis cannot distinguish between a superlattice — 
in the (420) planes from one in the (021) series, calculations of the super- | 
lattice dimension (S’)) were carried out for comparison with ap and cy ac-. 
cording to the expression 

j (1/d)? = (2/0)? + (N/S)? 


for both the yellowish green (d) and nickeliferous (e) deweylite samples. 
For (d), the value of bo used was 9.18 A, and for (e), 9.15 A. Calculations 4 
of S were made for NV =2, 4, 5, 6, 12, and 15 (Table IV) with their corre- - 
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sponding d spacings. These values are compared with 3co, 8a, 8340, and 

44 for both yellowish green (d) and nickeliferous (e) deweylites (Table 
VI). The ap values were calculated and averaged from the (201) and (202) 
_ planes for each sample according to the expression. 


hd (x01) 
| = — 3 
ie Cos (9° = Cos) 
1/lco 


_ where 8 has been assumed to have a value of 91°. This assumption prob- 
_ ably falls within the limits of error of the d spacing measurements, and 
_ hence within the average value of cp. 


TABLE VI. COMPARATIVE SUPERLATTICE CALCULATION FOR DEWEYLITE 


| Yellowish Green (d) Nickeliferous (e) 
S@=45.0+1.0 So! Swe oo) 

| 3co= 44.0 3co= 44.10 

| 8ap= 42.16 8a)=42.24 

) La)= 44.80 8ia9= 44.88 

| 83a)=46.11 8$a9=46.20 


_ The best fit for the data is between a superlattice in # (a) and the S$ di- 
imension for both deweylite samples. Both also correlate best with an 
{83a superlattice dimension. This fractional correlation of a) suggests 
{that undulations may be a necessary part of the deweylite structure as 
{proposed by Onsager (1952) for serpentine. Such undulations, or warping 
<at atomic planes, have been mentioned as a possible contributor to line 
‘broadening and would conform to the suggestions of Kunze (1957) re- 
»garding possible types of wave structures in antigorite. However, as 
[Brindley and von Knorring have noted (1954, p. 802), analysis of the data 
from x-ray powder analysis cannot conclusively distinguish between an 
@ and a ¢o superlattice, nor is the accuracy of the data sufficient te con- 
iirm an undulating structure in deweylite. 


igh Temperature X-Ray Diffraction Data 


High temperature powder x-ray diffractometer scans and oscillations 
were run on several deweylite samples using the instrument and tech- 
niques described by Bassett and Lapham (1957). The purposes of this 
method of analysis were to determine 1) if line broadening is a function of 
mechanical or structural strain, 2) the relative persistence in maintaining 
rystallinity of the various (h&/) planes under heat treatment, Seiietine 
deweylite structure might exercise a control over the formation of an- 
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hydrous magnesium silicates and 4) if any significant? difference exists 
among the Mg-Fe deweylites. 

In general, there are no d spacing shifts, intensity changes, or changes 
in the amount of line broadening for any of the major reflections previous 
to the collapse of any one atomic plane. The lack of peak sharpening upon 
heating indicates that line broadening is not a function of mechanical 
strain. Aruja (1945, p. 72-73) arrived at a similar conclusion from single 
crystal studies of antigorite. 

The thermal stability of various (hkl) planes varies considerably. 
Planes with even # and / indices are most stable, (#0) planes slightly less | 
stable, while (OO/) planes are the least stable. The latter collapse at about 
500° C., while the other atomic planes persist to approximately 600° C. 
This suggests that linkages in the ad plane are strongest and again coin- 
cides with the conclusion of Aruja (1945, p. 73) for antigorite. The super- | 
lattice reflections begin to disappear at a lower temperature, between | 
400° C. and 500° C., indicating the relative instability of the superlattice ; 
structure. Also, the (201), (202), and (15.2.0) planes merge into one re- 
flection approximately coinciding with the position of the (202) reflection. 

Although all the deweylite samples behaved in similar fashion, small 
differences were noted for the Ni deweylite. It must be borne in mind, 
however, that the magnitude of these differences is so small that they 
may be more apparent than real. A slight tendency was noted toward | 
greater stability of the (O0/) planes in the Ni deweylite than in the other 
samples. There also appeared to be a small increase in line broadening 
upon heating which was not noted for other deweylite samples. These 
data are much too indefinite to draw any conclusions. 

As noted previously, there were no reflections present at scans higher 
than 650° C. and hence the influence of the deweylite structure on the for- 
mation of clinoenstatite relative to forsterite is probably not significant. 


CONCLUSIONS 


Several methods of investigation have been combined in an attempt to 
elucidate the nature of deweylite based upon samples from Cedar Hill, 
Pa. All of the methods confirm that deweylite is a member of the serpen- 
tine group of minerals closely related to antigorite. It is suggested that’ 
both indices of refraction and co are related to molecular water content. 
Deweylite with at least 4.5% NiO is reported. The onset of the 660° C. 
endotherm js probably lowered slightly by the presence of this nickel. The! 
nickel is believed to be present in the octahedral site although the evi- | 
dence from chemical, differential thermal, and x-ray powder analyses is} 
far from conclusive. The high ratio of tetrahedral to octahedral cations is 
offered as an explanation for the predominance of clinoenstatite relative 
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_to forsterite at about 820° C., which is slightly higher than the tempera- 
_ture of forsterite crystallization. 

| The deweylite structure is similar to that of antigorite with a super- 
lattice probably in the a direction of 83a although a 3c» superlattice is a 
| plausible alternative. Line broadening is taken to be indicative of the 
| presence of crystallites 100 A or 200 A in size. An undulant structure in 
| the ab plane and distortion of atomic linkages associated with octahedral 
(cation holes may be a contributing factor. Analysis of differential 
(thermal, chemical, and x-ray data suggest that the Cedar Hill deweylite 
imay be a dioctahedral variety of antigorite. The alternative explanations 
(of cation stuffing or tetrahedral cation deficiencies to explain the nearly 
1:1 ratio of M** to M* cations seems less plausible. 

Geological evidence indicates that deweylite is of low temperature 
‘origin and at Cedar Hill has formed by the alteration of pre-existing ser- 
(pentine minerals. Physical characteristics suggest formation from a 
\colloidal suspension concomitant with a gradual decrease in the amount 
jof available water. 

Pseudomorphs of deweylite after aragonite are discussed and are be- 
lieved to be the first report of such an occurrence. 
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Note added in press: A reddish brown deweylite from Cedar Hill has the following x-ray 
characteristics indicative of a greater dioctahedral character than any previously found: 
(002) 15 


(020) are and (060) = 1.525 A. 


A tan deweylite from the Sparvetta quarries one mile west of Nottingham, Pa., associated 
with serpentinite cut by a feldspar pegmatite, is relatively trioctahedral: 
(002) 85 


(020) a 100 » and (060) = 1.536 A. 


The indices are m¢= 1.517 +0.003 and ng= 1.523 0.003. 
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CELESTITE AND CALCIOSTRONTIANITE 
FROM WISE COUNTY, VIRGINIA 
RiIcHARD S. MITCHELL, University of Virginia 
AND 


Rricuarp F. Puarr, Virginia Division of Mineral 
| Resources, Charlottesville, Virginia. 


ABSTRACT 


Celestite and calciostrontianite occur in vugs in dolomite of the Cayuga group (Silurian) 
lin a quarry one half mile east of East Stone Gap, Wise Co., Virginia. 

Light blue, well developed celestite crystals average about one inch in length. Most 
ferystals are elongated parallel to the a axis, and the {011} faces predominate. Vectorial 
etching is common. A blue fibrous crust of celestite was also observed. 

The calciostrontianite occurs as radiating globular masses up to a half inch in diameter. 
quantitative spectrographic analysis shows approximately 10% CaO. X-ray diffraction 


OCCURRENCE 


Although strontium minerals are known to occur at several places in 
line United States, only recently have they been found in Virginia. One of 
ihe writers (RFP) first noticed celestite and calciostrontianite in Wise 
/ounty in 1958. A preliminary report on this occurrence was presented at 
ihe 1959 meeting of the Virginia Academy of Science, and has been pub- 
ished in abstract form (Pharr and Mitchell, 1959). 

| Both celestite and calciostrontianite occur along State Road 613 about 
‘phe half mile east of East Stone Gap, Wise County, in a quarry in dolo- 
mite of the Cayuga group (Upper Silurian) owned by Mr. G. H. Belton. 
he beds here consist of a succession of intercalated, fine-grained, 
‘medium- to dark-gray, dolomites and magnesian limestones which are 
jaearly horizontal. Eby (1923) described the geology of the region and 
dso gave a section of the formation at a place some yards west of the 
juarry. In his description there is no mention of strontium minerals. 

| The strontium minerals are found in vugs in thick-bedded dolomite. 
"he vugs range from very small to over 10 inches across, and occur in a 
(orizontal zone across the quarry. The vugs examined by the writers 
vere rather barren of good material. They did contain etched celestite 
rystals and small globular calciostrontianite masses. Most of the better 
pelestite crystals described in this paper were collected by Mr. Belton and 
his son over a period of several years, and their exact location in the 
juarry is not certain. 


DESCRIPTION OF THE CELESTITE 


Most of the celestite is pale-blue in color and occurs as well-developed 
jrystals which average from 3 to ¢ inch in length with a maximum of 
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about 2 inches. Most of the crystals are elongated paraMel to their a axes, 
and the {011} faces predominate. They can be conveniently classified 
into two main habits. 

Habit A (Figs. 1A and 2A) is the most common, and exhibits the 
greatest number of crystal forms. In addition to the prominent {011} 
faces, which are frosted due to slight etching, they have relatively large, 
bright {101} faces and small {122}, {210}, {211}, {100}, {001}, and 
{010} faces. Lying between {122} and {210} (also {211}) is a dull flat 


Fic. 1 (above). Idealized drawings of the two habits exhibited by celestite crystals 


from Wise County, Virginia. } 
Frc. 2 (below). Celestite crystals illustrating fig. 1. 


nonreflective area which may correspond to {111}. This plane, which may 
be a result of etching, is not represented in Fig. 1A. The {100} faces char- } 
acteristically show vertical striations. On some crystals, reflections from | 
these faces in the optical goniometer are continuously blurred for several § 
degrees parallel to the b crystallographic axis. In this blurred region the | 
brightest light falls at the {100} position and at positions approximately | 
11° on each side of it, or at positions near the {810} form. Other crystals | 
show striations due in part to re-entrant {210} faces on the {100} plane. } 

A common modification of this habit has only three forms. The large | 
{011} faces are conspicuously etched. The {101} faces are brilliant, and} 
the {100} faces vertically striated. A second modification is similar, but! 
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without the brilliant {101} faces. The {011} faces are frosted and exhibit 

_ deep irregular etch pits. Several of these crystals have globular calcio- 

_ strontianite attached to them. These two modifications may represent 
progressive etching. 

Habit B (Figs. 1B and 2B) is less common. They are elongated parallel 
to 6, and flattened parallel to {001}. Other important faces are VLOL 
{O11}, {111}, {210}, {010}, and vertically striated {100}. No evidence of 
etching was observed. 

The vectorial etching is an outstanding property of the type A crystals. 
The area between {122} and {210}, which may correspond to {111}, is 
| affected the most, {122} is next, and then {011}. Contrasted with these 
| are the bright {100}, {101}, {210}, {211}, and {001}. Apparently the 
| faces have different susceptibilities to natural acids (probably carbonic) 
which circulated in the rock. Solution channels, roughly parallel to {010}, 
| deeply penetrate some of the crystals. No good etch figures were ob- 
served. 


A fragment of blue fibrous celestite, resembling satin spar gypsum, was 
| found loose in the quarry. The piece is tabular, measuring about an inch 
across and g inch thick, and probably represents a cross-fiber vein; the 
fiber axes being perpendicular to the tablet surface. A study of thin sec- 
tions of this material showed that the fibers are all elongated parallel to 
| c. Thin sections cut perpendicular to the fibers showed bundles with 
nearly parallel orientation, but adjacent bundles may have quite differ- 
| ent orientation of the a and b axes. The individual fibers measure from 
9.02 to 0.12 mm. across, and the bundles are from 1 te 2 mm. across. 
) Quite perfect cleavage, {001}, was observed across the fibers, and less 
| perfect inclined cleavage, presumably prismatic, {210}, was observed in 
thin sections cut perpendicular to the fiber direction. 

Cleavable masses of blue and white celestite up to 1X 4X5 inches were 
|. also observed filling veins and vugs in the quarry. Thin sections of the 
, dolomite show embedded microscopic euhedral celestite crystals. 
| X-ray diffraction powder data for the celestite showed no significant 
| departure from that of pure strontium sulfate as reported by Swanson 
| and Fuyat (1953). However, a semiquantitative spectrographic analysis 
\ of a specimen did reveal 0.15% CaO and 0.002% BaO. 


DESCRIPTION OF THE CALCIOSTRONTIANITE 


Calciostrontianite occurs intimately associated with celestite in the 
(quarry, especially with celestite which is frosted or deeply corroded. 
\(Calciostrontianite forms vitreous to dull globular masses which possess 
/.an internal radial structure (Fig. 3). The size of the globules ranges from 


l\very small to a half inch in diameter. They vary in color from a light 
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grayish-white to light buff. Bright pale-green to cream fluorescence is ex- 
hibited under long-wave ultraviolet light (3600 to 3650 A. U.). The 
majority of the globules are rough and are terminated by small acicular 
crystals. Because of their extremely small size (width from 0.02 to 0.08 
mm. and length from 0.1 to a little over 0.3 mm.) a precise determination 
of the morphology was not obtained. However, goniometric measure- 
ments, combined with measurements made on the microscope stage, 
show that the crystal needles consist mainly of an orthorhombic bipyra- 


Fic. 3 (left). Calciostrontianite globular masses attached to porous dolomite. 
Fic. 4 (right). Idealized drawing of pseudohexagonal calciostrontianite crystal. 


mid, either {881}, or a form close to it, and a brachydome, possibly 
|0.15.1}. These forms combine to give a steep pseudohexagonal pyramid 
(Fig. 4). In some cases the pyramidal needles were somewhat curved and 
at times showed horizontal striations like material from Tyrol, described 
by Cathrein (1888). According to Palache, Berman, and Frondel (1951) 
steep pyramidal forms are frequently found in highly calcian strontianite. 

The presence of considerable amounts of calcium in the strontium 
carbonate was first suspected from the «x-ray diffraction data. Quantita- 
tive spectrographic analyses of specially selected and cleaned material re- 
vealed 10.6+1.0% CaO for a tan colored specimen, and 9.1+1.0% CaO 


{ 


for a white specimen.* Traces of Ba, Mg, Al and Cu, listed here in the — 


* These quantitative analyses were performed by the American Spectrographic Labora- 
tories, Inc., San Francisco, California, 
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order of decreasing amounts, were also noted by semiquantitative spec- 
trographic analyses. The name calciostrontianite was introduced into 
the literature by Cathrein (1888) for a type of strontianite, from Brixlegg, 
Tyrol, which contains up to 7.36 per cent CaO. The name emmonite was 
_ given by Thomson (1836) to a material from “Massachusetts” (probably 
_ from New York, according to Palache, Berman, and Frondel, 1951) with 
_ nearly an identical amount of CaO. Although the name emmonite was 
_ introduced earliest, the writers prefer to use calciostrontianite. 


TaBLe I. A Comparison oF X-Ray PowbER DATA FOR CALCIOSTRONTIANITE 
FROM WISE County, VIRGINIA WITH PuRE SrCO; 
CuKa radiation; camera diameter 11.46 cm. 


oA Calciostrontianite SCO," oi Calciostrontianite S1COs" 
dops A Tobs c. dovs A Tobs oe 
|} 110 4.33 vw 4.37 132 1.88 m 1.91 
he 020 4.16 vw 4.21 113 1.81 mw 1.83 
ial Sell vvs 3.54 023 17S Ww 1.81 
021 3.40 vs 3.45 222 WAS) vw heeft 
002 2.98 mw SHO 042 oh) vvw ilies) 
012 Deol m 2.84 310 1.65 vw- 1.67 
102 2.58 w 2.60 311 1.60 mw 1.61 
200 DoS mw DSS 241 1255 mw i Sy 
130 2.46 m 2.46 151 153 Ww 1.54 
022 2.43 S- 2.45 004 1.49 VVW iL Sil 
2 211 AE vw 2.26 223 1.47 vvw 1.48 
e220 2.16 mw Pa ike) 330, 1.44 vw 1.46 
- 040 2.07 vw DAKO) 242 1.41 vw 1.43 
221 2.04 s 2.05 060 1.38 VVW 1.40 
041 1.96 mw 1.99 332 1.30 mw io 
202 1.93 mw 1.95 SH IP ea mw 1.28 

134f 
* Taken from Swanson, Fuyat and Ugrinic (1954). 
The x-ray data in Table I represent an average of measurements made 


i] 


yon four films from four different specimens. The unit cell constants are 
WE = 5.070, by = 8.300 and co = 5.970 A (all + 0.005 A); ao : bo : & 
-=0.611:1:0.719. These data show a significant departure from pure 
SrCO;. The data of Swanson, Fuyat and Ugrinic (1954) for pure SrCOs 
lare also given in Table I. Their values are ap =5.107, 59 =8.414 and co 
-= 6.029 A. No significant departure of refractive indices from values re- 
ported in the literature for natural strontianite was found. _ 
Calciostrontianite globules occur attached to the large blue celestite 
crystals, especially in the vicinity of solution channels, or along seams 
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where two crystals are joined. Masses of porous dolomite also contain 
globules of calciostrontianite attached to the walls of cavities, as well as 
tiny gemmy celestite crystals up to % inch, and gemmy calcite scaleno- 
hedrons. Most evidence suggests that the calciostrontianite is secondary 
after celestite, and was probably formed by the reaction of carbonic acid 
on the sulfate. A thin section across a spherulite, which was situated at 
the junction of two celestite crystals, showed a channel leading out from 
the celestite with the globule perched at the orifice. Perhaps these rela- 
tionships suggest a mechanism whereby the globule of radial needles was 
formed. 
ASSOCIATED MINERALS 


Other minerals found in the quarry include sphalerite, fluorite, glauco- 
nite, illite, dolomite and quartz. A white efflorescent material, which had 
formed on dolomite, gave «-ray patterns for starkeyite (MgSO.-4H;0) 
(Grawe, 1956) and hexahydrite. Because the iron analogs of these com- 
pounds have nearly identical diffraction patterns, the presence of mag- 
nesium was verified by semiquantitative spectrographic analyses. 


OTHER OCCURRENCES OF CELESTITE AND CALCIOSTRONTIANITE 
IN VIRGINIA 


Lozenge-shaped celestite crystals, up to $ inch across occur in vugs ina 
quarry in Tonoloway limestone, of the Cayuga group, at Hayfield, 
Frederick County. Near Fulks Run, Rockingham County, small vugs 
and cavities in Tonoloway limestone contain celestite crystals. The dis- 
covery of these three occurrences of celestite in rocks of the Cayuga 
group in widely separated sections of Virginia strongly suggests that 
strontium minerals may be found at other places in the state in rocks of 
this age. 

Dietrich (1960) has recently reported calciostrontianite, with small 
amounts of celestite, in vugs and on joint surfaces in dolomite (Elbrook 
limestone, Cambrian), from the Salem Rock Corporation Quarry south of 
Dublin, Pulaski County. One of the writers (RFP) has recently noticed 
thick fibrous veins of celestite, as well as vugs containing good crystals up 
to ¢ inch across, in a road cut near the same quarry. Dietrich (1960) also 
observed calciostrontianite in vugs in a limestone drill core from the 
Athens formation (Middle Ordovician) obtained near Harrisonburg, 
Rockingham County. 
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PHASE TRANSFORMATIONS IN SILICA AS EXAMINED 
BY CONTINUOUS X-RAY DIFFRACTION 


F. M. Want, R. E. Grim, AND R. B. GRAF, 
University of Illinois, Urbana, Illinois. 


ABSTRACT 


The phase transformations of six different varieties of silica were examined by con- 
tinuous x-ray diffraction while heated to 1400° C. 

The (101) peak intensity changes which often accompany the e-6 quartz inversion are 
a function of particle size. There is, however, no correlation between these changes and the 
gradual increase in the (101) d-spacing as the material is heated. 

The crystallization temperature of 6-cristobalite from a siliceous material is a conse- 
quence of the crystallinity and initial structural perfection of that material—the better the 
crystallinity, the higher the transition temperature. Rock crystal quartz gives 8-cristobalite 
at 1200° C.; whereas, amorphous silica gel produces this phase of 900° C. 

Tridymite was not detected as a transitional phase mineral in the silica system. 


INTRODUCTION 


During the past few decades many persons have studied the silica sys- 
tem and have presented data regarding the stability conditions of poly- 
morphic silica minerals. 

Previous methods and techniques used in examining the silica system 
were diversified. In an early fundamental investigation of this system, 
Fenner (1913) used static equilibrium conditions. Since that time, the 
thermochemical measurements of Mosesman and Pitzer (1941), the 
differential thermal studies of Keith and Tuttle (1952), and numerous 
other investigations by Sosman (1927), Jay (1933), Buerger (1954), 
Florke (1955 and 1956), and Holmquist (1958), to mention only a few, 
have contributed greatly to our knowledge and understanding of this 
system. 

The design and inception of continuous heating x-ray diffraction 
techniques now permit a new approach to the examination of certain 
problems regarding phase transformations within the SiO» system. This | 
report is based on data obtained using this heating-diffraction technique. 
Of principal interest is the alpha-beta quartz inversion and the crystal- 
lization temperature for different initial forms of silica, and also the 
establishment of this technique for studying the effect of inherent struc- 
ture of material upon consequent mineral phase transformations. 


j SAMPLES AND PROCEDURE 


Six varieties of silica representing different degrees of structural per- 
fection and crystallinity were examined by continuous x-ray diffraction + 
as they were heated to 1400° C. These were rock crystal quartz from } 
near Hot Springs, Arkansas; chert from Dover, England; chalcedony h 
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from Middle Park, Colorado; opal from Guanajuato, Mexico; silica gel, 
grade 42, Davison Chemical Company; and, silicic acid, 100 mesh, A. R. 
grade, Mallinckrodt Chemical Works. 

Each of these materials was heated in the furnace in the x-ray diffrac- 
tion unit at a program rate of 5° C. per minute. During the heating 
operation, diffraction data were logged for the 26 interval containing the 
major diffraction reflections of the material under investigation. This 


_ traverse was normally restricted to a 26 range of 19° to 27° and thus pro- 


vided a continuous diffraction record of the (100) and (101) quartz peaks 
and the diagnostic (111) 6-cristobalite reflection. 
The furnace used was constructed on the same principle as that de- 
signed by G. Kulbicki and described by Grim and Kulbicki in 1957. It 
_ was adapted for use with a Philips recording diffractometer. All data to 
_ be presented herein were obtained using this type furnace and nickel- 
filtered copper radiation at 45 Kvp. and 18 ma. 
The data curves shown in this report are a measure of the intensities 
of the diagnostic diffraction peaks as plotted against the temperatures at 
which they occurred. The resultant plot is a series of points representing 


| the presence of a specific mineral phase at various temperatures. By con- 


necting these representative points a curve is obtained for that particular 
mineral (Fig. 1). From the nature and configuration of this curve one can 
ascertain (a) the initial nucleation and growth of any new mineral phase, 
(6) the prevalence of any initial mineral with its consequent breakdown 
upon heating, and (c) the apparent rate of any structural inversion or 
new phase mineral formation. 


= EXPERIMENTAL DATA 
Rock Crystal Quartz 
The a-6 inversion in quartz was examined in detail. Rock crystal 


| quartz was first crushed and then fractionated to obtain different size- 
; grade materials. In addition to the unsized material the less-than-74 


|micron and less-than-2 micron fractions were isolated. Each of these 
{ fractions was x-rayed continuously while being heated to 1400° C. 

A gradual shift in the d-spacing of the (101) reflection was observed as 
{the quartz samples were heated. These values as recorded at specific tem- 
| peratures are listed in Table 1, and plotted in Fig. 2. They show a gradual 
iincrease in the a-quartz (101) value of 3.34 A as the sample is heated up 
(to about 600° C. at which temperature a value of 3.38 A is attained. 
‘Above this temperature, which is the temperature usually given for the 
a-8 quartz inversion, there is again a gradual increase in this same oe 
\with the rate of increase becoming greater at higher temperatures. I aken 
sas a whole there is a gradual increase in this dimension as the sample is 
: 
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Fic. 1. Method used in plotting x-ray diffraction data. The intensities of a characteristic 


diffraction peak at different temperatures are transferred to a curve. 


heated upward from 200° C. with a slight break at about 600° C., which 
is essentially a reduction in rate of increase, and a final increase in rate 
just prior to the transformation to 6-cristobalite. D.T.A. curves show an 


endothermic reaction at about 570° C 


. indicating some structural rear- 


rangement at this temperature. A 3.42 A 6-quartz spacing was eventually 


TABLE 1. SPACING VALUES OF THE (101) QuaRTz 


Temperature 


REFLECTION AT VARIOUS TEMPERATURES 


d-value of (101) reflection 


AC. 
TMOG: 
3908 
490° C. 
fF £5952 C: 
AAO XC; 
1280° C. 
1340° C. 
1S 70Ge 


WWW WW WW W W 


34 A 
35 A 


36 A 
37A 
38 A 
39 A 
40 A 


41A 
.42A 
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Fic. 2. Changes in quartz as heated to 1400° C. 


~reached at 1370° C. at the rate of firing used. It is important to note that 


the same increase in the (101) d-spacing of quartz was observed as each of 
the three different size fractions was heated. 

Diffraction results from these three quartz fractions are shown in Fig. 
3. The unsized fraction and the less than —74 micron fraction show a 
slight gradual increase in the peak height of the (101) quartz reflection 
with an increase in temperature up to about 500° C. Accompanying heat- 
ing from 500° to 600° C. there is a sharp drop in peak height, but on 
heating to higher temperatures the intensity of this reflection gradually 
increases again. As the temperature of formation of cristobalite is ap- 
proached the intensity of the quartz reflection decreases. Thus, there is a 
gradual increase in the intensity of this peak immediately preceding both 
the break in dimension change in a-8 quartz (and the temperature of the 
thermal reaction) and the transformation to 6-crystobalite. The change 
in the (101) quartz dimension between 500° and 600° C. is accompanied 
by an abrupt change in peak height, but not an overall change in diffrac- 
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Fic. 3, Continuous x-ray diffraction results from rock crystal quartz. 


tion intensity. The abrupt change in peak height is accompanied by an 
increase in peak width (Fig. 1) so that the integrated intensity is the 
same. 

Rock crystal quartz (less-than-2 micron fraction), shows no com- 
parable intensity change of the (101) reflection as the sample is heated 
from 400° to 800° C. In general there is only a slight increase in peak 
height prior to the formation of 6-cristobalite at 1200° C. Following 
cristobalite nucleation the intensity decrease representing break-down of 
the existing phase is compatible with the intensity increase of the (111) 
cristobalite reflection indicative of the corresponding growth of this 
phase mineral. This loss of quartz and consequent formation of 6-cristob- 
alite was the same for all size fractions of the specimen. 


\ 
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In order to determine the effect of prolonged heating on the (101) d- 
spacing shift, less-than-2 micron quartz was held at various tempera- 
tures for different periods of time. After 20 hours at 520° C. the (101) re- 
flection maintained a 3.37 A dimension—the same value that was initially 
measured at 520° C. during the regular heating cycle. When held at 
650° C. the same relationship was observed; namely, there was no addi- 
tional shifting of the (101) reflection value from 3.38 A, the initially re- 
corded value at that temperature. With an additional temperature in- 


crease the d-spacing continues to increase, slowly at first but more rapidly 
above 1200° C. 


(10!) q 
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Fic. 4 (left). Continuous x-ray diffraction results from less-than-2 micron chert as heated 
to 1400° C. 
Fic. 5 (right). Continuous «-ray diffraction results from less-than-2 micron chalcedony 
i as heated to 1400° C. 


( Chert 


The heating curve for the less-than-2 micron chert sample (Fig. 4) is 

‘Similar in configuration to that of less-than-2 micron quartz. No intensity 
’ yariation of the initial a-quartz (101) diffraction peak accompanies heat- 
iing from 400° to 800° C. There is a slight increase in the intensity of the 
((101) reflection just prior to cristobalite nucleation at 1050° C. 
Chert also exhibits a gradual shift in the d-spacing as it is heated. The 
trate of this change is of the same approximate magnitude as that ob- 
sserved from rock crystal quartz; however, the maximum dimension at- 
ttained at 1370° C. was only 3.39 A instead of the 3.42 A value recorded 
‘for the beta modification as derived from rock crystal quartz at that tem- 
(perature. 


\Chalcedony 

The less-than-2 micron chalcedony (Fig. 5) initially showed diffraction 
yeffects for a-quartz. There was no gradual intensity change of the aM 
reflection on heating from 400° to 800° C. An increase 1n diffraction nes 
intensity suggesting an increase in structural perfection is indicated, 
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however, just prior to the initial appearance of -cristobalite at 950° C. 
With the nucleation and growth of cristobalite, there is a comparable de- 
crease in the intensity of the quartz peak. That is, the quartz progres- 
sively decreases as the cristobalite increases. With the ultimate disap- 
pearance of quartz there is a leveling out of the 6-cristobalite curve signi- 
fying complete conversion. A gradual shift in the d-spacing of the (101) 
reflection again accompanied the heating of this material. As with chert 
the maximum value attained for 8-quartz was only 3.39 A. 


silica | gel — 


INTENSITY ——= 
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(lit) cristobalite 


Fic. 6 (left). Changes in the cristobalite (111) peak intensity as opal is heated to 
1400° C. 


Fic. 7 (right). Curves depicting the formation of beta-cristobalite from silicic acid and 
silica gel. 


Opal 


Opal showed diffraction effects only for cristobalite. When heated, a 
definite increase in structural perfection of the initial cristobalite frame- 
work was indicated by a sharpening and increase in intensity of the (111) 
peak. This perfection and consequent intensity rise of the (111) reflection 
is not prominent, however, until the opal has been heated to 1000° C. 
Above this temperature the intensity increase is quite rapid until at 
1400° C. a maximum is reached representing optimuin structural perfec- 


tion (Fig. 6). 
Silicie acid 


On heating, silicic acid showed no diffraction effects prior to 900° C. At 
that temperature, however, beta-cristobalite began forming. The cristo- 
balite diffraction peaks increased gradually in intensity with continued 
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heating and attained a maximum at 1250° C. (Fig. 7). A measure of the 
beta-cristobalite (111) reflection peak intensity is regarded as an indica- 
tion of the amount of nucleation of, or the degree of transformation to 
this modification: thus, the maximum intensity at 1250° C. represents 
the most complete conversion of the silicic acid to beta-cristobalite under 
these conditions of heating. At temperatures above 1250° C. there is a de- 
crease in the peak intensity which accompanies partial fusion. It is noted 
that no diffraction data for other SiO, polymorphs were observed prior 
to the formation of beta-cristobalite, i.e., no quartz or tridymite formed 
prior to the cristobalite. 


Silica gel 


Silica gel also gave no diffraction peaks prior to 900° C. At that tem- 
perature beta-cristobalite began forming (Fig. 7). The most rapid 
cristobalite growth as indicated by the (111) reflection peak intensity 
occurred between 1100° and 1200° C., and nearly complete transformation 
was reached by 1400° C. Neither a nor 6-quartz, nor tridymite formed 
prior to the nucleation of B-cristobalite. 


DISCUSSION 


The sharpness and intensity of an x-ray diffraction peak can usually be 
regarded as an indication of the degree of crystallinity and perfection of 
atomic arrangement within the structural framework of a mineral. Thus, 
the nature of the (101) quartz reflection should be acceptable as a stand- 
ard upon which the perfection of atomic arrangement of the alpha and 
beta forms of this mineral can be compared. Of particular interest are the 


diffraction data obtained while heating rock crystal quartz, chert, and 


chalcedony. Prior to heating each of these materials gave relatively 
sharp 3.34 A diffraction peaks. 

_ There was an abrupt decrease in peak height intensity of the (101) re- 
flection as crushed-but-unsized quartz was heated from 400° to 800° C. 
which includes the temperature interval usually given for the alpha-beta 


quartz inversion; whereas, there was no intensity decrease of this same 


reflection when the less-than-2 micron fraction of the same specimen was 
heated through the identical temperature interval. Integrated peak area 
intensity measurements through the inversion interval are, however, the 


same for both fractions. Keith and Tuttle (1952) report that in the 
‘coarser-grained chert and novaculite samples which they examined, the 
observable heat effects were only weak; whereas, after fine grinding these 
‘same materials showed a measurable heat adsorption through the inver- 


sion. 


The diffraction intensity data, dimensional values, and thermal ca 
all suggest a relatively pronounced structural inversion at about 600° C. 
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It seems logical that in an aggregate the larger particle$ should require 
more time for complete inversion, especially if the actual transition starts 
at the surface of a grain and then proceeds inward as an advancing front 
along which the reaction occurs between two solid phases (Kracek,1951). 
However, the smaller size and uniformity of the less-than-2 micron ma- 
terial would not require as much time for complete particle inversion; 
thus, when the necessary temperature is reached, there should be a 
simultaneous and essentially complete transformation of all particles. 
Any intensity decrease of the (101) peak during this transition would be 
immediate and thus difficult to record, because following structural in- 
version the intensity of this reflection is virtually the same as that pre- 
ceding structural transformation. 

The gradual increase of the (101) lattice dimension of quartz is cer- 
tainly a function of temperature. Jay (1933) reported a progressive in- 
crease in the dimensions of quartz as it was heated to the transition tem- 
perature, but he also observed a slight contraction parallel to c, above 
600° C. Our data show a similar change in lattice dimension, but also in- 
dicate an additional progressive increase at higher temperatures until 
complete transformation to cristobalite is accomplished. After prolonged 
heating at 650° C., the (101) dimension is 3.38 A—a value reported to be 
characteristic of B-quariz at that temperature. This gradual increase in 
d-spacing cannot be correlated with any increases or decreases in the 
(101) peak intensity measurements (Fig. 2), but it does follow closely the 
expansion measurements that Jay recorded up to 700° C. Even after 
some of the material has been converted to cristobalite at 1250° C. the 
(101) lattice dimension of the remaining quartz continues to increase. 

In the literature there is a lack of agreement as to the unit cell dimen- 
sions for 6-quartz. Bragg and Gibbs (1925) determined their measure- 
ments from quartz held at 700° C. for several hours and list dimensions of 
c=5.446 A and a=4.989 A. Wyckoff (1926) gives unit cell dimensions of 
c=5.47 Aand a=5.01 A; whereas, the most recent A.S.T.M. data, based 
on quartz derived by firing to 1000° C., but measured at room tempera- 
ture (Bradley and Grim, 1951), indicates dimensions of c=5.37 A and 
a=5.11 A. It is important to emphasize that the dimensions obtained are 
always dependent on the temperature at which the material is measured. 

Wright and Larsen (1909) studied quartz optically as it was heated. 
They reported gradual changes in birefringence on heating to 1400° C. 
The fact that birefringence changes occur gradually, taking place over 
the entire temperature range, and are not restricted to the 570°-575° C., 
inversion temperature interval is significant. These continuous optical 
changes and the gradual d-spacing changes which we recorded both indi- 
cate a continuous gradual change in the internal atomic arrangement of 


PHASE TRANSFORMATIONS IN SILICA 205 


quartz as it is heated. The continual change in dimension through the 
temperature interval where an abrupt energy reaction occurs, and where 
optical characteristics change, is in accord with structural considerations 
brought out by Bragg (1925) and others. 

Structural rearrangement begins with heating; however, not until ap- 
proximately 570° C. is there an abrupt change in the Si-O-Si bonding ar- 
rangement of a-quartz to that of B-quartz. This is indicated by the sharp 
endothermic reaction on the thermal curve. With additional temperature 
increases, however, there is a continued preferential rearrangement of the 
silica tetrahedra within the newly developed structural framework to at- 
tain a more desired arrangement. The degree of tetrahedral organization 
is a direct function of temperature and as the temperature is increased, 
and the rearrangement accomplished, there is once again a progressive 
change in the lattice dimensions of the material. This additional change 
in dimension is slow between 600° and 1000° C., but increases more 
rapidly as the cristobalite crystallization temperature is reached (Fig. 2). 
This increase in dimension is of the same magnitude as that observed pre- 
ceding the a-6 quartz inversion. It isa predecessor of cristobalite density 
and depicts the beginning of a tetrahedral rearrangement which ulti- 
mately results in the cristobalite structure. 

The inversion of the a-quartz structure requires more time in aggre- 
gates containing larger particles; whereas, in the smaller less-than-2 
micron particles the breakdown is simultaneous. The tetrahedral reorgan- 
ization which occurs above 600° C. takes place at the same rate regard- 
Jess of particle size and is only a function of temperature. The ultimate 
degree of perfection that can be attained is contingent on the structural 
“perfection of the a-quartz before inversion. Rock crystal quartz produces 
8-quartz with a (101) d-value of 3.42 A; whereas, chert and chalcedony 
give 6-quartz structures with maximum (101) values of approximately 
3.39 A. This is probably the consequence of larger crystals withstanding 
higher temperatures before their transformation to cristobalite. 

The curves of quartz, chert, and chalcedony all show a gradual in- 
tensity increase of the (101) reflection prior to the breakdown of the 6- 
quartz structure to form #-cristobalite. The magnitude of this increase, 
however, is different for each material (Figs. 3, 4, and 5), and appears to 
be directly related to the crystallization temperature of B-cristobalite and 
to the initial structural perfection of the type of silica. Such an intensity 

‘increase is again an indication of improved atomic arrangement within 
the 6-quartz framework. 

The actual temperatures at which 6-cristobalite forms from each of the 
materials appears to be a consequence of the structural perfection of the 
starting material. Silicic acid and silica gel, which are mostly amorphous, 
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both crystallize to form 6-cristobalite at 900° C. without any prior quartz 
phase; whereas, chalcedony, chert, and rock crystal quartz, which de- 
velop B-cristobalite at 950°, 1050°, and 1200° C. respectively, represent 
higher degrees of crystallinity and structural perfection in that order. The 
heating curves of the latter three materials also show a comparable re- 
duction in the increase in the intensity of the quartz reflection prior to 
the cristobalite transition, 7.e., quartz, which has the highest 6-cristo- 
balite crystallization temperature, also has the smallest increase in quartz 
intensity. This comparable reduction of any increase in the (101) peak 
intensity preceding transformation, when coupled with the higher tem- 
perature at which the structural transition occurs, would indicate that 
the crystallization temperature for B-cristobalite as it forms from any 
such siliceous material is a consequence of the initial structural perfec- 
tion of that material. The better the initial structure, the smaller the 
(101) peak intensity increase which precedes the 8-cristobalite formation, 
and also the higher the temperature of this transformation. 

Because of this apparent relationship between the crystallization tem- 
perature of 6-cristobalite and the initial perfection of the atomic arrange- 
ment or structure of the material, it is suggested that temperature alone 
be minimized as a major factor controlling this transformation. It is sug- 
gested that in the one-component SiOz system the formation temperature 
of B-cristobalite should not be considered as a fixed value, but rather that 
it be expressed as a function of the crystallinity and structural perfection 
of the material from which it develops. The formation of cristobalite at 
900° C. from amorphous silicic acid and silica gel adds credence to this 
proposal. 

The absence of tridymite when the different SiO. materials are heated 
is noteworthy. More than forty different heating trials were made during 
the course of our study and not once was any indication of the presence 
or formation of any tridymite observed. The normal transformation se- 
quence was 

variable temp. ‘ ‘ 

a-quartz — 6 quartz ——————_—>  B-cristobalite. 

The absence of the tridymite “‘phase”’ is not unusual in studies of the one- 

component SiO: system; in fact, this modification has never been syn- 

thesized in the laboratory without the use of ‘‘mineralizers’’ which in- 

troduce foreign ions into the system and thereby result in “complex- 
stuffed” derivatives (Flérke, 1955). 

Hill and Roy (1957) reportedly prepared pure tridymite hydrother- 
mally at a pressure of several hundred atmospheres from all forms of silica; 
however, Holmquist (1958) states that under hydrothermal conditions 
the hydronium ion, H;0*, has the same effect as the mineralizing ion 
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potassium which, according to Flérke (1956) is the best promoter of the 
| formation of tridymite. 

Flérke (1955) questions the fact that tridymite can exist as a thermo- 
dynamically stable phase of pure silica at one atmosphere pressure. 
Holmquist (1958) re-examined, thermodynamically, the possible trans- 

_ formations of this system. He concludes that “ .. . the mineral tridymite 
is not a stable phase of pure silica at one atmosphere but belongs in 
binary and multicomponent systems.” 

If tridymite is removed from the SiO, system, where should the inver- 
sion temperature between the stability fields of quartz and cristobalite be 
placed? Mosesman and Pitzer (1941) concluded such a hypothetical in- 

"version point at about 1050° C. at ordinary pressures. Our data would 
support such a direct transformation; however, we would propose that 
the exact temperature at which this inversion takes place is a consequence 
of initial structural perfection when dealing with already crystallized ma- 
terials. 


SUMMARY 


Phase transformations of various forms of silica on heating to 1400° C. 

_were studied by continuous x-ray diffraction. Curves representing peak 

intensity of the silica phases versus temperature are presented for the 
different forms of silica. 

On heating silica gel and silicic acid, B-cristobalite forms directly at 
900° C. from both materials without any pure quartz phase. On heating 
chalcedony, chert, and quartz there is a gradual change in the (101) 
quartz spacing as the temperature increases from 60° to 1370° C. How- 
ever, only in the case of rock crystal quartz was a 3.42 A value attained. 
In the case of quartz in fairly coarse particles, the intensity of the (101) 
reflection sharply drops at the initiation of the a-8 transition but in- 
creases again as the spacing of the 8-form develops. This phenomenon is 

_an indirect consequence of particle size, for integrated peak area intensity 
measurements show no such abrupt change. 

The relatively abrupt change in structure at 570° C. is followed by a 
gradual preferential reorganization of the silica tetrahedra with addi- 
‘tional temperature increases. This is suggested by gradual changes in 
‘crystal dimension that also accompany heating to higher temperatures. 
‘These dimensional changes, however, cannot be attributed solely to 
| thermal expansion for they are often accompanied by a gradual increase 
iin the intensity of the (101) quartz reflection prior to conversion to B- 
‘cristobalite. This increase is particularly pronounced for chalcedony and 
‘very scant for quartz, and could indicate a better arrangement a silicon 
-and oxygen atoms within the 6-quartz structure just prior to structural 
(transformation. There is a more rapid change in dimension above 


| 
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1000° C. as the cristobalite density is approached. This progressive 

change resembles that which precedes the a-8 quartz inversion. 

Variations in the crystallization temperatures of #-cristobalite as 
formed from different varieties of silica show that the better the crystal- 
linity and structural perfection of the silica, the higher the 6-cristobalite 
crystallization temperature. Rock crystal quartz forms beta-cristobalite 
at 1200° C., but silica gel produces this modification at 900° C. 

A direct inversion from 6-quartz to B-cristobalite is supported; how- 
ever, the exact temperature of this transformation is believed to be a 
function of the crystallinity of the starting material. 

At no time was tridymite identified; thus, the authors support those 
who would eliminate tridymite as a stable phase mineral in the one-com- 
ponent silica system. 
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THE MINERALOGY OF THE BAUXITE DEPOSITS 
NEAR WEIPA, QUEENSLAND 


F. C. LoucHNaAN AND P. Bayttss, University of New 
South Wales, Kensington, N.S.W., Australia. 


ABSTRACT 


Chemical and mineralogical data for three bauxite profiles from the Weipa area, Queens- 
land, indicate that the deposits have resulted from the intensive leaching of kaolinitic 
_ sandstones. Three zones, each characterized by the mineralogy, are demarcated within 
the profiles. It is considered that the bauxitization processes probably commenced in the 
_ lower to middle Tertiary and are continuing at present under a tropical, monsoonal climate. 


INTRODUCTION 


The Weipa lateritic bauxites are located on the almost uninhabited 
west coast of Cape York Peninsula (Tig. 1) where they extend discon- 
| _ Hnuously over a flat, low-lying and relatively close-timbered terrain 

from Vrilya Point to Archer Bay, a distance of 150 miles and up to 30 
miles inland (Evans 1959). The deposits are underlain by arenaceous 
sediments which David (1950) considered Cretaceous (Tambo Group) 
but more recently Evans (1959) has suggested that these may be Ter- 

tlary in age. 

The climate is hot and monsoonal (Fig. 2) with a mean temperature of 
82° F. and an average rainfall of 60 inches per annum concentrated in the 
period from December to March. 

Previous mineralogical investigations (Baker 1958, Edwards 1957, 

1958 and Edwards and McAndrew 1956) were non-systematic while pro- 
| posed mechanisms of genesis, in general, have been speculative. 
~ It is the purpose of the present investigation to demonstrate that in a 
‘suitably “aggressive” environment, a parent material containing 90% 
« silica and as little as 4% alumina, may give rise to bauxites relatively de- 
ficient in silica. To this end, channel samples from Andoom (maximum 
« depth 19 feet), Weipa (36 feet) and Pera Head (42 feet) and bore cones 
from Weipa and Pera Head were obtained by courtesy of the Common- 
wealth Aluminium Corp. Pty. Ltd. Detailed work was carried out on the 
channel samples only since the bore cones yielded similar results. The 
{channel samples at Weipa and Pera Head extended to sea level. 


MINERALOGY 


The quantitative determination of the mineralogy was made by «-ray 
‘diffraction, differential thermal and chemical analyses, and thermo- 
ugravimetric methods employing a specially designed program controller 
which permitted hourly soaking at specific temperatures coincident with 
the dehydroxylation of gibbsite, boehmite and kaolinite. It is estimated 
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Fic. 1. Geological sketch map of the Weipa Area, Queensland. 
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Fic. 2, Rainfall and temperature distribution at Weipa, Queensland. 
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Fic. 3. Mineralogy in relation to depth at Pera Head. 


from the combination of these techniques, that the mineralogy given in 
~ Table 1 and on which Figs. 3 and 4 are based, has a probable accuracy 
of plus or minus 2%. Chemical data are given in Table 2. 
Three zones, each characterized by the mineralogy, are recognisable in 
the profiles from Weipa and Pera Head (see Figs. 3 and 4). The sampling 
program at Andoom did not penetrate to the parent material. 


(a) 


(b) 


The Parent material is a loosely consolidated, light-colored sandstone with coarse, 
angular, though well graded quartz which in the Weipa profile approaches 90% 
of the rock while kaolinite forms the matrix. Edwards (1957) suggested that this 
sandstone may be arkosic but in the present survey, feldspar was not detected nor 
did the chemical analyses reveal sufficient alkalies to render the rock arkosic. The 
boundary with the overling zone is gradational. 

The zone of fluctuating water table approximates 18 feet thick in both the Weipa and 
Pera Head profiles. The material is dark red but varies in coherence from relatively 
friable at Weipa to dense and compacted at Pera Head. 

The variation in the mineralogy is gradational from the almost permanently 
saturated lower few feet of the zone where quartz and kaolinite are the dominant 
constituents to the relatively more arid upper regions where gibbsite predominates. 
The coarse, angular characteristics of the quartz prevail throughout while etched 
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Fic. 4. Mineralogy in relation to depth at Weipa. 


and pitted surfaces may be noted on some of the grains. Hematite and/or goethite, 
principally in the form of irregular concretions, together with kaolinite, reach their 
maximum development a few feet from the base of the zone, but at higher levels 
kaolinite gives way to gibbsite. These features are less apparent in the Pera Head 
profile since marine erosion has modified the water table level in the area, increasing 
drainage and permitting the development of a little boehmite. 


(c) The concretionary zone which is clearly defined from the underlying material, varies 


in thickness up to 15 feet. Gibbsite, hematite, and/or goethite, in the form of 
roughly spherical pisolites, frequently bonded together, predominate, though inter- 
stitial aluminum hydrates and kaolinite are common. A small but constant amount 
of quartz with features similar to that in the underlying zone, is present throughout. 
The pisolites vary from one to twenty mm. in diameter while the concentric bands 
range up to 0.4 mm. in width. The quartz grains occur in the interstices between 
small pisolites, in the outer shells and occasionally as the nucleii. Boehmite reaches 
its maximum development in this zone presumably through the partial dehy- 
droxylation of gibbsite. A few feet of dark colored soil generally overlies the lateritic 
bauxite. 


There is a progressive increase in the pH from approximately 5.5 in the 
concretionary zone to near neutrality below the water table. 

Excluding the ferruginous minerals, the recoverable “heavy fraction” 
rarely exceeds a few tenths of a per cent of the whole. The variety is 
limited, with titania minerals (rutile, anatase and leucoxene) predominat- 
ing, though fine zircon euhedra and anhedra are common and ilmenite 
and a few grains of monazite, were noted in the parent sandstone, 
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TABLE 1. MINERALOGY OF Bauxite Deposits 
Sample | Depth in |Boehmite} Gibbsite |Hematite| Goethite | Kaolinite Quartz | Others 
No. Feet % q % % % % % 
Andoom 
Al 0- 3 8 50 4 14 12 7 5 
A2 3- 6 5 42 5 14 20 11 3 
A3 6- 7 5 6 18 15 41 13 2 
A4 9-10 5 6 14 18 42 13 2 
AS 12-13 2 6 12 21 43 14 p, 
A6 15-16 = 4 4 18 58 14 D 
A7 18-19 — — 7 18 59 14 2 
Pera Head 
\ 
iPM 3- 6 21 33 17 — 10 15 4 
iPy 6- 9 18 49 12 — 10 8 3 
128) 9-12 28 Sy 18 — 9 8 5 
P4 12-15 21 Sy 15 — 12 10 5 
125) 15-18 Dhl 35 17 — 10 12 5 
P6 18-19 2 30 14 a= 38 1, 4 
1Py 21-22 3 Dif 10 5 40 12 3 
P8 24-25 1 19 5 7 54 11 3 
P9 27-28 1 22 5) 10 50 9 3 
P10 29-30 2 18 10 5 53 9 3 
Jett 32-33 — — 6 10 70 12 2 
OUP 35-36 — — — 4 41 53 D 
Pets 38-39 eZ 25 73 — 
P14 41-42 — a — 1 20 79 = 
Weipa 
Wi 1-4 4 61 4 10 12 5 4 
W2 4-7 4 61 4 10 12 5 4 
W3 7-10 4 63 7 5 12 5 4 
W4 10-13 4 65 3 7 12 5 4 
W5 13-16 — 70 1 10 10 5 4 
W6 16-19 — 40 11 16 26 5 2 
W7 19-22 —_ oe 2D 6 32 5 2 
Ws 22-25 —_ 20 21 6 46 5 2 
Ww9 25-28 — 6 2, 5 60 5 2 
W10 28-29 — — 3 — 42 54 1 
wil 31-32 = = = — 10 89 : 
W12 CEC eo = = — 13 86 : 
W13 35-36 — == = — 10 89 : 1 
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. 
TABLE 2. CHEMICAL DATA 
oa Sid. | ALO; | FeO; | TiO. | KsO | Na,O| H,O+ 10- Total 
Andoom 
| 
Al iO) 44.1 16.7 BG — — 23.4 2.2 | OOSO 
A2 20.4 36.1 RSS) Dhaod! — — 20.6 1.6 99.4 
A3 29.5 25.9 Sit eA — — 11 Pe2 | LOORZ 
A4 BRO 24.4 30.6 tea — — 106° |) 0 | 100.5 
AS 33.6 Des 30.4 1.4 — — 10.6 1.0 |) 9985 
A6 40.4 24.9 19.7 1.6 One ONT 11.5 0.8 99.8 
A7 40.6 DB ik 22,4 1.4 OE || EY 10.8 0.8 99.5 
Pera Head 
Pl 18.9 44.5 16.9 PAG — — 15%5 ed 100.0 
Py 1241 49.0 13.6 230) — — 21eS 12 99.2 
RS 12.0 48.4 17 4 2.0 — — 7 Sn be eet: 99.7 
P4 15.6 46.4 15.1 1.8 — — 17.4 PENG 98.9 
PS feat 44.6 17.0 1.8 — — 16.5 | 2.8 99.8 
P6 29.4 36.3 14.6 1.6 — — 1620s ete O 98.9 
12) 30.4 Som 14.4 1.6 — — 15.941 O58 98.8 
P8 34.3 36.0 Jil? ie! — — 1Ss5 0.9 99.8 
P9 31.6 35.6 14.5 1.4 — — 16.2 1.0 100.3 
P10 S255 35.4 14.5 1.4 — Sat 1.0 99.9 
Pil 41.8 30.9 14.0 2 a 11.0 0.8 99.7 
P12 70.6 18.4 Siw 0.6 — — 6.5 0.4 99.7 
P13 82.5 10.1 1.8 0.5 0.1 0.8 3.6 0.2 99.6 
P14 88.1 7.9 1.0 0.4 Qed 0.1 2.8 0.0 100.4 
Weipa 
wi 9.9 Aa ily eal — -= 24.6 22 99.0 
W2 10.0 46.9 12.9 Dell - -- 225 Ho) 98.6 
W3 10.6 48.8 LS Dee — ~- 24.5 ihe) 99.8 
W4 LORS 49 4 9.6 aes — — 2508 AS 99.3 
W5 9.6 50.0 9.2 Dez — — 26.6 Ret 99.7 
Wo6 16.9 36.1 25.4 1.2 -— — 19.1 164! 100.1 
W7 19.4 34.3 26.3 ee — _- 16.6 152 99.0 
Ws 26.5 sili 26.1 0.9 — _ 13.4 12 99.6 
W9 Sill 28.6 25.8 0.9 — — 11.4 1.0 99.2 
Wi0 fom 17.9 PEAS 0.7 — — Sn6 0.6 100.7 
Wil 92.94 4.1 0.5 0.2 —— — te) 0.0 98.7 
Wi12 91.1 32) 0.5 One OFZ FP Ony 1.8 0.0 99.8 
W13 93.2 soo) On 0.2 Oil 0.8 1.4 0.0 99.8 
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DISCUSSION 


The development of an assemblage of bauxite and laterite minerals 
from a kaolinitic sandstone of low alumina and iron content requires a 
particularly “aggressive” environment with sufficient rainfall and in- 
ternal drainage to promote the leaching of silica, in the early stages from 
quartz but later from the breakdown of kaolinite, with the subsequent 
concentration of residual hydrates and oxides of aluminum and iron. It 
would be anticipated that, in such an environment, other stable ions 
(hydrolzate ions of Goldschmidt, 1937) would have concentration factors 


TaBLeE 3. OxmpE Ratios (X 103) For WeErIPA AND PERA HEAD PROFILES 


TiO2 ZrO2 CriO3; V20; TiO» ZrOz CreO3 V2O; 

Sample Sample = 
Al.O; Al2Os Al,O; FeO; Al,O3 Al,Oz Al,O3 Fe.O; 
Pl 45 3.9 1.8 Ded Wi 45 0.6 FES DES 
P2 41 3 il 1S 3.0 W2 45 0.6 fe 2.3 
iPS 41 S351 Pall 2.8 W3 45 0.6 ig 1.8 
p4 39 3.0 hod DEO W4 44 0.4 1.0 Teal 
iPS 40 32) Ps Die) W5 44 0.4 0.8 Pil 
P6 44 3.8 1e/ 3.4 W6 33 0.8 1.9 2.3 
P7 45 2.06 1.4 4.5 W7 35 0.8 He? BAD 
P8 39 2.0 cal Seb Ws 29 0.9 ibas) Sad 
P9 39 2a) 1.4 4.1 Ww9 OL OF7 evi 7h) 
P10 39 Pee) 1.4 3.4 W10 39 ORS 1.6 sil 
ee Pit 39 2.9 10 2.9 Wil 49 0.5 Dos) 3.0 
je 33 4.2 0.9 4.7 W12 58 0.4 2.0 3.0 
P13 50 3.0 1.0 4.4 Wi3 Sl 0.5 DS (foe) 

P14 50 Sed i @ 6.0 


similar to alumina. In Table 3 the ratios of three of the stable oxides wz. 
titania, zirconia and chromic oxide, to alumina are given. The constancy 
_of these ratios is remarkable considering the possible heterogeneity of the 
‘parent material and inaccuracies due to sampling and the determination 
of components often in trace amounts. The titania/alumina ratios showed 
| the least deviation and it is significant that these components were deter- 
'mined by ‘wet’ chemical means whereas analyses for zircomia and 
‘chromic oxide were made spectrographically. 
The persistence of small quantities of quartz throughout the inten- 
- sively leached zones could be attributed to the particularly coarse grain- 
size that this mineral attains in the parent rock and the protective coat- 
‘ings of aluminum and iron minerals. Baker (1958) considered that the 
‘etched and pitted nature of some of these residual quartz grains indi- 
cated chemical attack. 
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The ferruginous minerals reach their greatest development in the zone 
of fluctuating water table where the concentration of iron relative to the 
parent material exceeds that of alumina, indicating that processes in 
addition to the removal of material have contributed to their concentra- 
tion. Factors considered pertinent to the greater relative concentration of 
hematite and/or goethite in this zone are (a) the annual fluctuations of 
the water table (6) the persistence of iron in the soluble ferrous state in 
the anaerobic environment below the water table (c) the rapid oxidation 
to the insoluble ferric state when exposed periodically to warm oxidizing 
conditions and (d) the high atmospheric temperatures which prevent ac- 
cumulations of leaf mold and other organic matter at the surface thus 
rendering ineffective the reducing capacity of the infiltrating ground 
waters. The net result of these factors has been the upward migration and 
stabilization of the iron at levels where oxidation occurs. 

It is interesting to note that vanadium which in the fully oxidized 
state has an ionic radius similar to iron, maintains a relatively constant 
ratio with the latter in the oxidized parts of the profile. (See Table 3). 

A further correlation exists with the concentration factor on an 
alumina basis, and the surface topography. Weipa which has the least 
surface relief with a maximum gradient of two feet to the mile, displays 
the greatest alumina concentration, whereas at Andoon the surface 
gradients exceed 20 feet to the mile and the concentration of alumina is 
least. 

In order to gain an indication of the time required for the development 
of the bauxite profile at Weipa, calculations based on the quantity of 
silica removed from the profile, were made. These calculations involved 
certain assumptions (a) that the area suffered no geologic disturbance 
throughout the period (0) that there has been no surface erosion (c) that 
the climate has remained static (d) that 20% of the rainfall has pene- 
trated the profile (e) that the infiltrating waters assumed a pH less than 
9 and reached 10% saturation with respect to silica. According to Kraus- 
kopf (1959), for a given temperature the solubility of silica is “little 
affected by changes of pH in the range 0-9.” 

The value obtained from these calculations was 50 million years plac- 
ing the commencement of bauxitization at lower to middle Tertiary. 
However, it should be realized that a variation in any of the above as- 
sumptions could seriously affect the result. 
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RADIATION COLORATION OF SILICA MINERALS* 


Haroip W. Koun AnD BEN M. BENJAMIN, Chemistry 
Division, Oak Ridge National Laboratory, 
Oak Ridge, Tennessee. 


ABSTRACT 


Radiation produced color centers in both natural and synthetic silicas are associated 
with impurity atoms although, since impure silicas do not always form color centers upon 
irradiation, these impurities per se are not sufficient to cause coloration. For trivalent im- 
purities the extent and type of coloration seems to depend more upon the manner of 
incorporation rather than the identity of the impurity atom, although the identity will 
naturally affect the type of center formed. The degree of general disorder may be important, 
but specific defects, especially hydroxyl ions associated with positive hole traps, should 
also be considered. The difference in behavior between some natural specimens and those 
prepared or treated in the laboratory makes it doubtful that some of these natural quartz 
specimens were originally colored by ionizing radiation. 


INTRODUCTION 


The possibility that the colors of some minerals might result from the 
effects of radiation from naturally occurring radioactive associates was 
first suggested over half a century ago (1) and has been the subject of 
several extensive investigations (2). Amethyst and smoky quartz in par- 
ticular have received the greatest amount of attention. It is now well 
established that high-energy irradiation of most quartz specimens will 
produce a smoky discoloration, and that the rate of formation and depth 
of this color are dependent upon the pre-existence of certain defects in 
the solid. 

We have recently observed that silica gel containing certain impurities, 
if well degassed, develops a color upon irradiation with cobalt-60 gamma 
rays or with «-rays (3, 4). The color depends on the kind of impurities 
present; aluminum gives rise to an amethyst color while iron produces a 
smoky appearance. At room temperature the color is bleached by the 
action of various gases (hydrogen, water, and ethylene, for example) and 
by ultra violet light. It seemed possible that the gross characteristics of 


the radiation-produced colors in silicate minerals were identical with 


those produced in these gels, particularly since silica gel might be the 
progenitor of many hydrothermal silicate minerals, and that the chemical 
characteristics of these color centers, which are more easily studied on 
the gels because of their high surface area, might aid in characterizing and 
identifying the color centers in minerals and synthetic silicates. 


* This paper is based upon work performed at Oak Ridge National Laboratory, which — 


is operated for the Atomic Energy Commission by Union Carbide Corporation. 
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EXPERIMENTAL 


All irradiations were done in a 750-curie Co®? gamma source (5). The 
dose rate for water* in the center, measured by ferrous sulfate dosimetry 
(6), was about 6X10" e.v.g.—, or about 10,000 R, min“. Most of the 

specimens were obtained through commercial channels, hence their 
sources could not always be accurately defined. The ultra violet light 
| used for bleaching was supplied by a Hanovia 125-watt germicidal lamp, 
which emits the 2537 A wave-length almost exclusively. In order to de- 
tect slight color changes on ultra violet irradiation, specimens were 
partially screened with aluminum foil before bleaching. Changes or 
irradiation were observed visually, comparison with a control being used 
where necessary. 
| RESULTS 


| In general many minerals when irradiated seem to follow the pattern 
‘similar to that observed with silica gel. Brazilian agates and ‘Pecos 
‘River Diamonds” (ferruginous quartz) both known to contain iron im- 
| purity, turn smoky to black during overnight irradiation. Fused silica, 
| prepared by fusing the previously described gels in an oxygen-gas flame, 
show the same color patterns as those evidenced by the gels, 7.e., smoky 
for iron impurity and amethyst for aluminum impurity. Certain Mexican 
or Brazilian banded agates are very resistant to coloration; several days 
in the radiation source was required to obtain a noticeable effect. The 
banding is accentuated inasmuch as the opaque portions remained white 
and the transparent sections turned smoky. Feldspars (North Carolina 
sunstone, Indian moonstone, and Amelia Court House amazonite) ac- 
quire a smoky cast, although this is difficult to see in an opaque material. 
‘We have confirmed that opals cannot be colored at all (7), even those 
high in iron (Mexican cherry opal, for example) probably due to their 
comparatively high water content. Olivine peridotes and natural obsidian 
lass (‘Apache tears”’) are also unaffected. 

The widest variety of radiation sensitivity occurs among specimens of 
lorystalline quartz. Most samples of natural hydrothermal quartz are 
sasily turned smoky by an overnight irradiation. However, two samples 
of Brazilian oscillator-grade quartz remained clear during one week in the 
cadiation source while two others became only faintly citrine. Some light 
jamethysts (South Carolina) were also unaffected by a week’s irradiation, 
Darker amethysts (Mexican and Brazilian varieties) and smoky quartz 
(Brazil, Maine, and North Carolina) after decoloration by heat regain 
(heir natural color on irradiation. Rose quartz from several localities 
(Georgia, Brazil and Maine) and citrine quartz (Maine and Brazil) are 
easily blackened in a few hours. 


=> 


* The dose rate for silica would not be greatly different. 


220 H.W. KOHN AND B. M. BENJAMIN 


All of the previously described materials when colored by y radiation 
are bleached by long exposure (65 hours) to ultra violet light unless, of 
course, they are opaque. It is interesting to compare this behavior with 
that of the naturally occurring colored minerals. Natural amethysts 
(those which are fairly dark and which will recolor upon irradiation) can 
be only partially bleached by ultra violet light. Very long (1 week) expo- 
sures are required. 

Sections of many specimens of smoky quartz will show patterns of 
light and dark areas. Three smoky quartz specimens were examined to 
see how these patterns were affected by gamma irradiation and by ultra 
violet light. A sliced section of Brazilian smoky quartz was partially 
screened and exposed to ultra violet light for sixty-five hours. No bleach- 
ing or darkening was noted (Fig. 1-A). The sample was then ¥ irradiated 


— 
pK 
CRESS 
REE 
Se 


UNIRRADIATED GAMMA IRRADIATED GAMMA IRRADIATED, 
SCREENED AND 
BLEACHED WITH U.V. 


Fic. 1. Drawings showing effect of gamma irradiation and 
ultraviolet bleaching on a smoky quartz section. 


for three hours, which caused considerable darkening and a reversal of 
the pattern (Fig. 1-B). The light parts became darker than the (origi- | 
nally) dark sections. The sample was then partially screened and 
bleached with ultra violet light for 16 hours (Fig. 1-C). The extra darken- 
ing produced by the irradiation is made less intense, but the reversed pat- 
tern is still the one obtained. Finally the sample was completely bleached 
by heating to 300° C., re-darkened by irradiation and again bleached with _ 
ultra violet light. The sample was examined at intervals to ascertain if 
the original dark-light pattern of the natural crystal is reobtained. This is 
never the case, the pattern is always the “reversed pattern” of the 
irradiated crystal. Hence it is difficult to reason that this crystal could 
have derived its original color from a sequence of events involving natu- 
ral radioactivity and excitations similar to those obtained from ultra 
violet light. Contact photographs are shown in Fig. 2. 

The same series of experiments was performed on a piece of smoky 
quartz from Maine with somewhat different results. Again a pattern of 
light and dark areas was noted, but an overnight exposure to ultra violet | 
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Fic. 2. Contact prints corresponding to Fig. 1. 


light bleached the whole crystal section completely. Re-irradiation pro- 
_ duced a general darkening but failed to reproduce the pattern. During 
_ bleaching with ultra violet light the pattern never reappears. Again it is 
difficult to imagine a sequence of naturally occurring events involving 
_ radioactivity as a coloring agent which would cause this type of behavior. 
Finally we performed the same experiments on some smoky quartz, 
_ which is obviously colored naturally by irradiation, in order to determine 
if the effects of geological aging could result in this sort of behavior. The 
_ specimens of smoky quartz were collected by one of us (BMB) from the 
Pine Mountain Mine near Spruce Pine, North Carolina, where the quartz 
in the pegmatite occurs in association with torbernite (a copper uranium 
phosphate) as well as with the usual feldspar. The quartz in the undis- 
turbed condition is darkest nearest the veins and crevices bearing the 
radioactive mineral, and gradually fades to white at a distance of one to 
three feet from the vein. Lightly colored and heat-decolorized pieces of 
Pine Mountain smoky quartz are easily darkened in the gamma source in 
three to five hours (1.8-3.0X10® R). The radiation level at uranium- 
bearing formations is generally from 1—5 R per year, and the local dosage 
‘immediately adjacent to a pocket or crystal of torbernite might be ex- 
| pected to be several times this value.* Hence, any piece of Pine Mountain 
| quartz associated with torbernite for about one million years should have 
| had the opportunity to become darkened. The granular condition of the 
| original specimens and the presence of dark inclusions of biotite make the 
|| bleaching and patterning phenomena previously described difficult to ob- 
kserve and nearly impossible to photograph. The sample is bleached by 
hultra violet light, however, and the dark-light patterns existing before 
heat bleaching are reproduced by irradiation. 


DISCUSSION 


It is generally accepted (8, 9, 10) that irradiation-produced color in 
quartz and silica is due to the presence of defects associated with one or 


* Measurements here of the beta-gamma radiation from a sample of torbernite-bearing 
brock about 13* across gave 12 m.r., hr~, equal to about 100 R yr’. 
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more trivalent impurities, present to the extent of a few tenths of a per 
cent at most, incorporated substitutionally as replacements for silicon in 
the silicon-oxygen network. Iron and aluminum are the most common 
trivalent impurities mentioned. The tendency has been to associate the 
amethyst color with radiation-produced defects involving the presence of 
iron (11), and to connect the smoky appearance similarly with the pres- 
ence of aluminum (9, 10). This evidence is based largely on spectrographic 
or chemical analysis of the specimens studied. Such evidence is not com- 
pletely conclusive however, for the only silicas so studied which do not 
contain both iron and aluminum are fused silicas which contain either 
aluminum alone, and which then become amethystine upon irradiation, 
or which contain neither, in which case they remain colorless upon 
irradiation. Specimens have also been found or prepared which contain 
iron, aluminum, or both, and which fail to color upon irradiation (9, 12). 
Some of the experiments previously cited are also at odds with the results 
of this study, z.e. that ferruginous silicas (agate, fused silica gel, and 
quartz) become smoky upon irradiation, whereas silicas containing only 
aluminum (gel and fused silica at least) become amethystine. 

Previous investigators have reported the effect of various pretreat- 
ments on the irradiation coloration of fused silica. Yokota (8) states that 
fused silica of an unspecified purity after being heated in an atmosphere 
of silicon at 1400° C., develops a purple color* upon irradiation. Kats 
(9a) finds that such an experiment gives no coloration if Corning Fused 
silica, in which Al and presumably Fe are absent, is used as a source ma- 
terial. He also finds that Heraeus fused silica containing Al develops more 
coloration upon irradiation if first heated at 1250° C. in an oxygen 
atmosphere. One would normally expect heating in silicon to increase the 
number of oxygen vacancies, and heating in oxygen to decrease their 
number. 

We have observed that in silica gels the amethyst color is bleached by 
electron donors, but not by acceptors (3). More recent experiments have 
shown that if the gels are preheated in oxygen or hydrogen at 400—600° 
C., allowed to cool, and then freed of excess gas, their tendency to color 
and to adsorb hydrogen with decoloration is unaffected. Irradiated gels 
will also adsorb oxygen without decoloration. One would normally ex- 
pect such oxygen adsorption to annihilate oxygen vacancies. Since this 
seems to leave the coloration unaffected, one may tentatively assume 
that the oxygen vacancy is not important to the irradiation-produced 
purple color center. 

There are several ways in which a trivalent atom may be incorporated 


* Specifically optical absorption at 5400 A. Where the exact spectrum is not measured 
the terms “amethyst” and ‘“amethystine” are used. 
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into a silica lattice. Trivalent impurities cannot be substituted for silicon 
without concomitant changes which preserve electrical neutrality. Al- 
though these impurity configurations have been described by others (9, 
10), we will list the four principal types here for the convenience of the 
reader. Each trivalent impurity atom may have associated with it (1m 
monovalent cationic impurity atom, (2) a monovalent anion, (3) half an 
oxygen vacancy or (4) a positive hole, as in a semiconductor. The type of 
color center which forms upon irradiation depends upon the type of de- 
fect pre-existing in the solid. Hence the color may be determined more by 
| the manner in which the impurity atom is incorporated into the lattice 
than by the chemical identity of the atom. Of course the manner of in- 
| corporation is partially affected by the chemical identity of the impurity 
atom, but it is also affected by other variables such as direction of crystal 
{growth (12) and availability of other impurity atoms. For example 
variations in direction of crystal growth are probably responsible for the 
| patterns in Fig. 1. 
Confining our attention to the first two types of impurity configura- 
tions, one would expect the relative concentration of each type to be de- 
termined by conditions which exist when the material is formed in nature 
cor prepared in the laboratory. The availability of monovalent cations 
such as Nat, the availability of monovalent anions (principally OH_), the 
tendency of the trivalent impurity atom (Al*++ or Fet**) to bind either 
rihe monovalent anion or cation, and the ease with which the trivalent 
impurity can be incorporated substitutionally into the lattice will be the 
principal factors determining the number of different types of centers 
formed. Studies of silica alumina cracking catalysts have shown that they 
dose their last traces of water only with great difficulty (13), and that the 
hydroxyl groups in these catalysts are associated essentially with the 
2iuminum atom (14). One may therefore assume that the gels with an 
aluminum impurity prepared in this laboratory contain predominantly 
lefects of the second type. Iron, on the other hand, has comparatively 
| ittle tendency to bind water, or more correctly hydroxyl groups chemi- 
cally, (15) hence one would expect iron-containing gels to possess OR 
|lefects of other types. Although iron is not as easily incorporated substi- 
lutionally into a silica lattice as aluminum is, the incorporation ane few 
Lenths of a per cent of iron as a simple substitute for silicon should pose 
lao problem. However, the tendency for iron to form local iron silicate 
| tructures is more marked than for aluminum to form similar aluminum 
jilicate structures. 
Another noticeable trend is that, in general, highly ordered (crystal- 
line) silicas tend to turn smoky upon irradiation, whereas Coe or 
i ighly defective structures tend to turn amethystine. The only crystalline 


Re 
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silicas which turn purple on irradiation are decolorized natural amethysts 
(which, incidentally, are highly d-l twinned). All attempts to produce 
amethyst in the laboratory have failed so far. On the other hand, non- 
crystalline silicas generally turn purple when irradiated, the only ex- 
ceptions being the smoky silica gel described herein, the fused material 
obtained from it, and a few agates. Heating to a high temperature (8, 10) 
which would tend to create more general disorder seems to enhance the 
possibility of producing amethyst coloration by irradiation in impure 
fused silicas.* (16) Hence, general disorder as well as specific defect-im- 
purity structures may well be responsible for the amethyst radiation 
coloration. 

Concerning the coloration of natural minerals, it has already been 
pointed out (17) that the absorption spectra and fading characteristics of 
natural smoky quartz are different from these properties of smoky quartz 
prepared in the laboratory. This agrees with our findings concerning the 
patterning of some samples of natural smoky quartz, and their response 
to ultra violet light and to gamma irradiation. Although it is possible 
that the effects of aging for geological periods of time might alter these 
characteristics somewhat, or that other means of excitation and ioniza- 
tion may produce superficially similar color centers, it would certainly 
appear that the color centers in many naturally occurring smoky quartz 
and amethyst specimens are not similar to those produced by ionizing 
radiations. Concerning amethyst, one need only note that different ame- 
thyst samples also respond differently to irradiation and to ultraviolet 
light, in addition to the fact that many amethysts (particularly those de- 
posited hydrothermally in geodes and vugs) have never been associated 
with natural radioactivity. 


SUMMARY 


Color centers in both natural and synthetic silicas are associated with 
impurity atoms although, since impure silicas do not always form color 
centers upon irradiation, these impurities per se are not sufficient to 
cause coloration. For trivalent impurities the extent and type of colora- 
tion seems to depend more upon the manner of incorporation rather than 
the identity of the impurity atom, although the identity will naturally 
affect the type of center formed. The degree of general disorder may be 


* An interesping exception to this is reactor irradiated quartz, which at first darkens, 
but then becomes bleached at an exposure of ~10! n.v.t. Observable disorder does not 
begin until exposures of ~3 X10! n.v.t. The effects of neutron irradiation however 
would be expected to differ from the effects of heating in as much as the former would 
disrupt individual atoms, and the latter would disorder the relationship between SiO, 
tetrahedra. 
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important, but specific defects, especially hydroxy] ions associated with 
_ positive hole traps, should also be considered. The difference in behavior 
between some natural specimens and those prepared or treated in the 
laboratory makes it doubtful that some of these natural quartz specimens 
were originally colored by ionizing radiation. 
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OPTICAL CRYSTALLOGRAPHY OF ORIENTITE 
FROM ORIENTE PROVINCE, CUBA 


CuHar es B. Sciar, Battelle Memorial Institute, 
Columbus, Ohio. 


ABSTRACT 


The optic orientation, optic angle, optic sign, and pleochroic formula of orientite 
[CasMn,*3(SiO,);:4H20] recorded in the literature are incorrect, and a revision of the op- 
tical crystallography of orientite is presented. 

Orientite is orthorhombic, 

Be Dh 9 


mmm 


? 


dominant forms {110}, {001}, and {010}, prismatic to tabular parallel to {010}, (110) 
/\(110) =67° 48’, a:b:c=0.6720:1:0.3958, imperfect basal {001} and brachyprismatic 
{120} cleavage, sp. gr.=3.05. The Barker classification angles are cr =30° 30’, am=33° 54’, 
and bg=68° 24’. 

The optic orientation of orientite is X=b, Y=c, Z=a witha=1.756, B=1.777. y=1.794 
(all +0.002). The optic plane is transverse to the elongation, and the optic angle is large, 
negative, and variable (2Vx =68-83°). It has very strong dispersion (y<v) of the optic 
axes which are essentially normal to the brachyprismatic {120} cleavage. Orientite is deep 
red brown in color and strongly pleochroic in section with X=yellow, Y= yellow-brown, 
Z=red-brown, and Z>Y>X. 

X-ray powder diffraction data for orientite are given for reference. 


INTRODUCTION 


During a mineralogical study of several manganese ores from Oriente 
Province, Cuba, the writer obtained for comparative purposes a speci- 
men of the type orientite from Oriente, Cuba, originally described by 
Hewett and Shannon (1)*. It was found that several of the optical prop- 
erties of this sample of orientite were not in agreement with those re- 
corded for orientite in the standard reference works by Larsen and Ber- 
man (2) and Winchell and Winchell (3). A check of the paper by Hewett 
and Shannon (1) revealed that a typographical error in their reported 
optical orientation of orientite has been propagated in the subsequent 
literature. Other optical properties of orientite, such as the optic sign and 
the optic angle, are in error in the original description. A revision of the 
optical crystallography or orientite is presented in this paper, and «-ray 
powder diffraction data for the type orientite are included for reference. 


OCCURRENCE 


Orientite [CaaMny4t*(SiO,4)5-4H2O or 4CaO-2Mn.0;:5Si02:4H.O] is 
known only from Oriente Province, Cuba, where it occurs as a minor 


* References at end of text. 
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constituent of oxide manganese ores. The mineral was discovered by 
Hewett (1) in ores of the Costa, Manuel, and Vicente denouncements, 6 
miles south of Bueycito, southwestern Oriente. He later found orientite 
in ore from the Santa Rosa prospect near Banes, north of Antilla, north 
central Oriente. The largest known crystals of orientite do not exceed 1 
mm. in length. 

The regional geology of Oriente Province is discussed by Park (4), 
Woodring and Daviess (5), and Lewis and Straczek (6), and detailed de- 
scriptions of the geology of the manganese deposits in the Bueycito dis- 
trict are given by Burchard (7), Park and Cox (8), and Simons and 
Straczek (9). In brief, the manganese ores of this district consist of those 
parts of beds of volcanic tuff which contain a sufficiently high proportion 
of grains, nodules, pods, and veinlets of manganese-oxide minerals to 
constitute ore. These bedded tuff ores are intercalated with water-laid 
basaltic, andesitic, and latitic agglomerates and tuffs and limestone beds 
which constitute the upper part of the Cobre formation of upper Eocene 


_age. The Bueycito bedded tuff ores are considered to be hypogene and 


syngenetic, and the manganese oxide minerals are believed to have been 
deposited by penecontemporaneous replacement of the altered tuff 
matrix (9). The source of the mineralizing solutions is thought to have 
been submarine hot springs (4, 9). . 

According to Hewett and Shannon (1), orientite from the Bueycito 
district occurs as (1) high-purity drusy aggregates which contain variable 
amounts of finely disseminated inclusions of a psilomelane-type oxide, (2) 
drusy cavity linings in psilomelane-type oxide, (3) finely disseminated 
grains in altered tuff, (4) granular aggregates which selectively replace 
the glassy portion of rock fragments embedded in the altered tuff, and 
(4) pseudomorphs after foraminifera (calcite) embedded in psilomelane- 
type oxide. The principal associated minerals are a psilomelane-type 
oxide, manganite, pyrolusite, neotocite, ferruginous chalcedony (“bay- 
ate’’), barite, low quartz, calcite, and zeolites (analcite, stilbite, chabaz- 
ite, and laumontite). Based on cross-cutting relationships of veinlets and 


“successive cavity fillings, Hewett and Shannon tentatively concluded 


{ 


that the sequence of mineral deposition was (1) ferruginous chalcedony, 
(2) psilomelane-type manganese oxide and plumose manganite, (3) 
orientite and barite, (4) prismatic manganite, (5) quartz, (6) zeolites, (7) 
calcite. The pyrolusite was probably formed by surficial supergene oxida- 


tion of the psilomelane-type oxide. 


OPTICAL CRYSTALLOGRAPHY 


Hewett and Shannon (1, p. 501) state that orientite is biaxial positive 


‘with the optic plane parallel to (001) and, in outline form, give the optic 
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orientation as X=a, Y=c, and Z=b. The succeeding text of their paper, 
however, states that the obtuse bisectrix is normal to (010) which indi- 
cates that the correct optic orientation of orientite is X=6, Y=c, and 
Z=a, provided the optic sign of the mineral was correctly determined. 
The orientation given in outline form is probably a typographical error 
which, with one exception, has been repeated in the subsequent literature 
(2, 3, 10, 11, 12). The exception is an abstract of the original paper by 
Spencer (13) who correctly recorded the optical orientation of orientite as 
optic plane parallel to (001) and acute bisectrix (Z) normal to (100). 
Strangely, Larsen (14) gave the optic orientation as X=a, Z=c. The 
present study showed that the optic orientation of orientite is X=8, 
Y=c, and Z=a, as determined on well-formed crystals. 

According to Hewett and Shannon (1) the optic angle of orientite is 
67°. This conclusion was based on (1) their observation that crystals that 
lie on (110) yield a perfectly centered optic axis figure and (2) gonio- 
metric measurements that gave ¢=56° 06’ as the angle for the prism or 
(110) /\(110) = 67° 48’. The optic angle as calculated from the indices of 
refraction reported by Hewett and Shannon (a=1.758, B=1.776, 
y=1.795; all +0.005), is, however, (+) 2V=89° 22’, although within 
the stated limits of precision for these indices a calculated 2Vz of 67° is 
possible. 

Both Hewett and Shannon and the writer noted that the axial bars of 
centered optic axis figures are practically straight. Hewett and Shannon 
attributed the lack of curvature of the optic axial bars to the high value 
of B and a resultant 2E of 156° for a 2V of 67°. The writer, however, ques- 
tioned whether, for the optical system used in this study, the axial bar of 
a centered optic axis figure of a substance with 2V=67° and B=1.776 
would be straight. In addition, it was observed that (1) a greater rotation 
of the microscope state was required to make the isogyres leave the field 
for a Bxx figure as compared with a Bxz figure, and that (2) the apparent 
dispersion of the optic axes was r<v for centered Bxy figures and r> 2 for 
centered Bxy figures, whereas the true dispersion determined on slightly 
off-center optic axis figures in which the curvature of the axial bar was 
recognizable was r<v which is in accord with the dispersion formula 
given by Hewett and Shannon. Consequently, the indices of refraction 
were redetermined with results as follows: a= 1.756, 8=1.777, y=1.794 
(all +0.002). The calculated optic angle is (—) 2V= 83° 02’, which is in 
accord with the indications of the qualitative optical tests, but within the 
stated accuracy limits for these indices of refraction, the calculated optic 
angle could range from (—) 2V=70° 44’ to (+) 2V=85° 10’. A subse- 
quent independent determination of the optic angle and sign of orientite 
with the universal stage showed that the optic angle is negative and 
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variable with 2V=68°-83°. Grains with the larger optic angles (77°- 
83°) appear to be more common. 

Hewett and Shannon reported that orientite has a poor prismatic 
{110} cleavage which is normal to the optic axes. The present writer also 
observed the traces of cleavage planes in the prism [001] zone and noted 
the frequent occurrence of centered optic axis figures on crushed frag- 
ments. If the optic axes of orientite are normal to an imperfect prismatic 
{hk0} cleavage and the optic angle ranges from 68° to 83°, however, this 
cleavage cannot be parallel to {110} inasmuch as (110) /\(110) was de- 
termined by goniometric measurement of crystal faces to be 67° 48’. For 
an optic angle which ranges from 68° to 83°, the angle between an optic 
axis and the pole of (110) would range from about 22° to 14°, respectively, 
and, as a result, (110) cleavage fragments would not yield a centered 
optic axis figure. The Mallard formula (16, p. 48) shows that for (110) 
cleavage fragments, the point of emergence of the optic axis in the cono- 
scopic figure would be displaced from the center of the field a distance of 
two-fifths to four-fifths the radius of the conoscopic field depending on 
the optic angle and on the Mallard constant of the optical system em- 
ployed. Alternatively, if the {hk0} cleavage is {120}, the angle between 
an optic axis and the pole of (120) would range from 4° 51’ in the direc- 
tion of the a axis to 2° 39’ in the direction of the b axis for a correspond- 
ing range in the optic angle from 83° to 68°. Cleavage fragments parallel 
to {120} would always yield a centered optic axis figure regardless of the 


magnitude of the optic angle within the stated limits. Coincidence of the 


optic axes with the poles of {120} would occur for a 2V of 73° 18’. It is 


concluded that the imperfect prismatic cleavage of orientite is probably 


120}. 

| As te is strongly pleochroic. In the original paper (1) and all the 
subsequent literature (2, 3, 10, 11, 12, 13, 14), the pleochroism and ab- 
sorption is given incorrectly as X=red-brown, Y= yellow, Z= brownish- 
yellow with X>Z>Y. This study shows that X=yellow, Y = yellow- 
brown, and Z=red-brown with Z>Y>X. 

Tables 1 and 2 are a summary of the revised optical and crystallo- 
graphic data for orientite. Shannon’s original orientation of the crystal- 
lographic axes has been retained for simplicity and because it seems 
pointless to introduce another arbitrary setting of the orthorhombic axes 
in the absence of x-ray structural data. For determinative purposes, how- 
ever, it may be useful to transform the crystallographic data for orlentite 


in terms of the Barker (15) classification angles for the orthorhombic 


system. 


With rare exception, all the known crystals of orientite have only one 
prism zone and two pinacoids. In the absence of well-developed pyra- 
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TABLE 1. MorPHOLOGICAL CRYSTALLOGRAPHY AND PHYSICAL PROP- 
ERTIES OF ORIENTITE, ORIENTE PROVINCE, CUBA 


Symmetry: orthorhombic system; rhombic-dipyramidal (barite) class, 


Diner) acd 
mmm 
Forms: common rare 
basal pinacoid {001} brachydome {021} 
brachypinacoid {010} macrodome {101} 
unit prism {110} unit pyramid {111} 


(110) A (110) = 67°48.* 
Barker classification angles}: cr =30°30', am=33°54', bg=68°24' 
Axial ratio: (0.6720:1:0.3958) + 
Habit: dominantly prismatic and pseudohexagonal; subordinately tabular parallel to {010} 
Cleavage: imperfect parallel to the basal pinacoid {001} and the brachyprism {120}; 
(110) A (120) = 19°27’§ 
Color: deep red-brown to almost black; brown when powdered 
Luster: resinous to sub-vitreous 
Specific gravity: 3.05 
Hardness: 43-5 
Note: soluble in hot HCl with evolution of chlorine, and separation of residual insoluble 
silica; insoluble in HNOs. 


* Measured goniometrically by Shannon (1); checked with microscope on basal sec- 
tions in present study. 


} For crystals with complete development of forms. 


{ c/b is an approximation based on measurement with the microscope by Shannon of 
(101) A101) = 61°00’ on one crystal (1). 
§ Calculated angle. 


midal faces and the occurrence of only one prism zone, Barker auxiliary 
setting rule (v) is applicable. The forms {110}, {010}, and {001} become 
{101}, {100}, and {010}, respectively, and cr (001/\101) = 33° 54’. 

For the orientite crystal with additional forms described by Shannon, 
the Barker setting of the parametral plane differs from that given by 
Shannon, but the orientation of the crystallographic axes remains the 
same. The preferred setting based on the Barker rules is the one which 
gives the maximum number of simple planes (indices with no numbers 
except 0, 1, and 1). As a result, {011}, {102}, and {112} of Shannon be- 
come {021}, (101 }, and {111}, respectively, and c:6 of Shannon (0.7916) 
becomes ¢:6/2 (0.3958). The Barker classification angles are cr 


(001/\101) = 30° 30’, am (100/\110) = 33° 54’, and bg (010/011) = 68° 
24’, 
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TABLE 2. OPTICAL PROPERTIES OF ORIENTITE, ORIENTE PROVINCE, CuBA 


Indices of Refraction Optic Angle and Sign 
a=1.756+0.002 (—) 2V=83°02' (calculated from indices of refraction) 
B=1.777+40.002 

| y=1.794+40.002 (—) 2V=68°-83° (measured with universal stage) 
y-a=0.038 
Orientation Pleochroism and Absorption 
X=b X = yellow 
Y=c Y=yellow-brown; Z>Y>X 
Z=a Z=red-brown 


Dispersion of optic axes 

r<v very strong 

Remarks 

Optic plane parallel to {001} and transverse to elongation of prismatic crystals 
| Optic axes essentially normal to the brachyprismatic {120} cleavage 


TABLE 3. X-RAy POWDER DIFFRACTION DATA FOR ORIENTITE, 
ORIENTE PROVINCE, CUBA 
(Fe radiation, MnO filter) 
d,A I d,A I d,A I 
b: 9.42 50 2.10 25 1.29 5 
5.89 25 2a05 20 1.26 5 
5.05 50 1.96 10 1.24 15 
4.77 10 1.94 5) 1.20 10 
4.40 60 1.87 10 lily 15 
4.07 30 1.84 15 Ie US) 5 
3.93 10 1.81 5) iets 15 
3.69 10 iladdl 10 Ly 5 
3.42 10 Me 5 ih Stil 5 
3.26 50 1.69 50 1.10 20 
3.05 75 1.64 35 1.09 5 
2.90 40 1.61 10 1.05 5 
2.78 10 fio9) 15 1.04 5 
2.68 100 to? 50 103: 5 
7) 3s) 1254 10 1.02 5 
eA 0 1.44 10 1.01 5 
2.44 20 1.38 5 1.00 5 
2.34 50 1.34 5 0.996 10 
2.23 30 eo 35 0.978 5 
2.19 10 1.30 10 0.974 5 
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X-RAY POWDER DATA 


X-ray powder diffraction data for orientite are given in Table 3. 
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NOTES AND NEWS 


INTERNATIONAL MINERALOGICAL ASSOCIATION 


The second general meeting of the International Mineralogical Association took place 
August 22-25, 1960 at the Royal Technical Institute in Copenhagen in conjunction with 
the International Geological Congress; in addition there were meetings of the Commissions 
on August 19-21. 

The first business meeting in the afternoon of August 22 was attended by 36 voting 
delegates of the member societies, as well as by about 100 other mineralogists. President 
Parker presented a thoughtful report summarizing the present state of the Association, 
together with his suggestions for the future. Highlights of this included his urging that the 
individual member societies as such take a greater interest in the Association, the suggestion 
that the mechanism for the election of councilors as given in the constitution adopted at 
Ziirich might need some modification, the hope that future meetings would be apart from 
those of other bodies, and the problems of financing the travel costs of those attending 
the meetings. Secretary Amorés in his report stated that there are now 22 member societies 
(including New Zealand in addition to the 21 listed in his report in the Ziirich symposia). 
He noted that the Ziirich symposia are now available in printed form (see Am. Mineral., 
45, 1129, September—October, 1960) together with the current constitution and minutes 
of the meeting; he also mentioned the Ziirich field trips (see GeoTimes, 4, 29, January- 
February, 1960, published by the American Geological Institute). Treasurer Fisher’s 
report showed a cash balance on hand July 1, 1960 of $1,269.44. It was voted to organize 
a new Commission on the Teaching of Mineralogy. The Association accepted with thanks 
the offer of the Mineralogical Society of America to serve as host for its next meeting in 
Washington in April, 1962. 

At the second business meeting on the morning of August 24 the chairmen of the four 
Commissions of the Association reported on their accomplishments; it is hoped that at 
least some of these will be available in printed form before long. This was followed by the 

“election of a new Council, as well as Commission and Committee officers, to serve until 
1964, as follows: 


: Council Commission Officers 
President: D. J. Fisher Abstracts. Chairman: M. Fornaseri 
1st Vice-President: C. E. Tilley Secretary: R. van Tassel 
2nd Vice-President: G. P. Barsanov Muineral Data. Chairman: H. Strunz 
Secretary: J. L. Amorés Secretary: G. T. Faust 
Treasurer: L. G. Berry Museums. Chairman: C. Frondel 
Councilors: P. R. J. Naidu Secretary: F. Leutwein 
Th. G. Sahama New minerals and Chairman: M. Fleischer 
H. G. F. Winkler Mineral names. Secretary: C. Guillemin 
Past President: R. L. Parker Teaching. Chairman: J. Orcel 


Secretary: H. J. deWijs 


Chairmen of Committees to effect liason between the Association and other inter- 
national organizations are: F. Laves (International Crystallographic Union), E. W. Hein- 
rich (Geochemical Society), and (with Commissions of the International Geological Con- 
gress), C. Burri (Petrographic Nomenclature) and D. P. Grigoriev (Meteorites). 

The first symposium on Mineral Synthesis met the morning and afternoon of August 23 
under the chairmanship of J. R. Goldsmith. The second on Feldspars had F. Laves as its 
chairman and met the afternoon of August 24 and all day on August 25. Abstracts of the 
talks presented were printed in the program; the complete papers with discussions of the 
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Feldspar symposium are in the course of being published by the Instituto Lucas Mallada 
of Madrid. The titles of the papers given are as follows: 


Mineral Synthesis 


F. R. Boyd and J. L. England: Synthesis of pyrope, diamond, and other high-pressure 
phases. 

W. S. Fyfe: Nucleation patterns and mineral synthesis. 

D. L. Hamilton and W. S. MacKenzie: Nephelines as crystallization temperature indi- 
cators. 

S. Matthes: Synthesis of pyralspite-garnets at relatively low pressures. 

H. S. Yoder, D. B. Stewart and J. R. Smith: Ab-Or-An-H20 at 5000 bars. 

H. H. Lohse, H. Burzlaff, and E. Hellner: Some remarks on the koenenite problem. 

A. E. Ringwood: Prediction and confirmation of the olivine-spinel transformation in 
NiSidy. ; 

A. Rittmann and E. El-Hinnawi: Quantitative conoscopy for rapid determination of syn- 
thetic minerals. 


Felds pars 


T. F. W. Barth: Some temperature-dependent crystallo-chemical properties of the feldspar 
lattices. 
H. C. F. Winkler: On coexisting feldspars (experimental observations). 
D. B. Stewart and E. H. Roseboom: Lower temperature terminations of the three-phase 
region plagioclase-alkali feldspar-liquid. 
K. S. Heier: The amphibolite-granulite facies transition reflected in the mineralogy of 
potassium feldspars. 
. J. Kuellmer: Alkali feldspars from some intrusive porphyries of southwestern United 
States. 
G. A. Deicha: Les cavités des feldspaths. 
J. B. Jones and W. H. Taylor: The structure or orthoclase. 
J. V. Smith and W. S. MacKenzie: Atomic, chemical and physical factors that control the 
stability of alkali feldspars. 
W.S. MacKenzie and J. V. Smith: Structural variations in alkali feldspars. 
J. R. Goldsmith and F. Laves: Polymorphism, order, disorder, diffusion and confusion in 
the feldspars. 
A. S. Marfunin: The relation between structure and optical orientation in potash soda 
feldspars. 
J. Wyart: L’échange des cations dans les feldspaths et l’action de l’eau. 
H. Curien: Echanges isotopiques des atomes d’oxygtne dans les silicates. 
C, J. E. Kempster, H. D. Megaw and FE. W. Radoslovich: The structure of anorthite. 
S. Chandrasekhar, S. G. Fleet and H. D. Megaw: Structure of ‘‘body-centered anorthite.” 
H. D. Megaw: The structure of the intermediate plagioclase feldspars. 
C. Burri, R. L. Parker and E. Wenk: Project of a new general catalogue of data for the 
determination of plagioclases by the universal stage method. 
P. Gay: Some recent work on the plagioclase feldspars. 
H. D. Megaw: Effects of temperature and composition in the plagioclases and other 
feldspars. 
?. El-Hinnawi: The application of the zonal method for the distinction between high-and- 
low temperature plagioclase feldspars. 
St. Karamata: Einfluss des geologischen Alters und des tektonischen Druckes auf die Art 
der Alkalifeldspiite. 
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GEOLOGY OF THE INDUSTRIAL ROCKS AND MINERALS, by Rosert L. Bares, 
424 pages, Harper and Brothers, 1960, $10.00. 


The author is professor of geology at Ohio State University and a columnist (“Geology 
in the Public Eye’’) for GeoTimes. This book is a Lindgren-type approach to rocks and 
minerals of industrial value; in other words, its motivation is geologic rather than economic. 
It is, therefore, an innovation among books concerned with the non-metallics. 

After a brief introduction the author devotes four chapters to the industrial rocks and 
five to the industrial minerals. The industrial rocks are igneous (granite, basalt, pumice, 
et al.), metamorphic (slate and marble), and sedimentary (two chapters, one covering sand 
and gravel, sandstone and clay, and the other the carbonate rocks, phosphate, rock gyp- 
sum, and salt). The industrial minerals are divided into the igneous, vein and replacement, 
metamorphic, sedimentary and sulfur, and minor industrial. This reviewer believes that 
the “minor industrial minerals,” of which there are eight, covering nine pages, should 
either be distributed back through the preceding chapters where they belong or omitted 
entirely. In all, thirteen rocks and twenty minerals are described. 

Within the discussion of a particular rock or mineral the general uses, properties, and 
origin are covered first, and then the principal occurrences (mostly in the United States) 
are described, some in considerable detail and with extensive bibliographies. This is the 
author’s main contribution, in my opinion. I know of nowhere else where one can get, 
in one volume, an adequate modern review of the geological occurrence of the principal 
domestic deposits of these industrial rocks and minerals. 

An entirely satisfactory classification of the non-metallics is impossible, as the author 
implies in his introduction. He has attempted to put together the best possible classifica- 
tion for a strictly geological approach. The teacher, if using this book for a text, will 
either have to accept this classification or jump around like a flea on a hot skillet if he 
follows the traditional approach. For example, if the subject under consideration is di- 
mension stone, the particular rocks involved will be found in all four chapters on industrial 
rocks. The same chapters would be involved in a study of raw materials for concrete 
‘aggregate, or roadstone. If refractories are taken up as a unit, parts of two rock and three 
mineral chapters would have to be covered. But other classifications present other prob- 
lems, so one has to adapt in any case. 

The book is both readable and authoritative. It, no doubt, will have wide use as a text, 
and in addition should be in the personal library of everyone interested in industrial 


geology. 
KENNETH K. LANDES 


The University of Michigan 


TECHNICAL PETROGRAPHY OF PRODUCTS OF REFRACTORIES, WHITE- 


WARE-CERAMICS AND HYDRAULIC BINDERS (Technische Petrographie von 

Erzeugnissen der Feuerfest-, Feinkeramik- und Bindemittelindustrie), by dD. 2 BEL- 

JANKIN, B. W. Iwanow, AND W. W. Lapin; German Edition by JoHANNES WINKLER 

(Institute of Glass Technology, Coswig).—Bauverlag G.m.b.H., and VEB Verlag 

Technik, Berlin, xvi+455 pp., 216 text figures. 

It is with a feeling of deep respect that the reviewer wants to give his impression of 
( the present book in the memory of his late friend, with whom the best tradition of Russian 
| petrography of the great school of Loewinson-Lessing and E. Fedorow has ended. The 
| book is by no means a common text book; it does not give any instructions for the use 
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of the petrographic microscope or of the techniques of the examination of minerals in 
polished sections. It is, however, the summary of a rich life of research and experience, a 
mine of wealth for all investigators who wish to compare their observations in applied 
mineral microscopy with the data collected by a master in this art. Beyond that, the book 
is an indispensable source of information on the not always easily available Russian 
literature of the last four decades in the fields of microscopic investigation of the constitu- 
tion of ceramic products. The bibliographic collection of this literature extending over the 
last 40 pages of the book is practically unique, and therefore most important for more 
detailed studies. The book is a first-class reference collection supplementing similar works 
in English and German languages, chiefly the books of F. H. Norton and K. Konopocky 
on Refractories or that of H. Salmang on Ceramics in General, but also comparable to 
the well-known work of H. Insley and V. D. Frechette on the microscopy of ceramics, 
cements, slags, and glasses. It is a truly Russian book, entirely based on experience with 
Russian raw materials and Russian industrial products, but for just this reason of utmost 
interest. The reviewer is of the opinion that it is indispensable for the American inves- 
tigator to learn from the rich data offered; it manifests in a particular degree the tre- 
mendous advance which industry (not only in the countries of the U.S.S.R.!) owes to the 
microscopist by the careful study of their materials. On the other hand, it is much to 
regretted that the book does not contain much information beyond the year 1950 (the book 
appeared first in Moscow, 1952). 

The first Section of the book treats the Refractories, classified as silica: alumina- 
silica; highly aluminous and corundum products; magnesia refractories, chrome magnesia 
refractories; magnesium silicate materials; dolomite products; spinels. A very interesting 
supplementary chapter is concerned with the reaction products between silica and fireclay, 
or magnesia brick. The second large Section concerns the porcelains of the classical type, 
and the modified steatite porcelains, cordierite materials, etc. A special chapter is dedicated 
to the sintered alumina products and to special porcelains on the basis of zirconia, alkaline 
earth titanates, and of beryllia. The third large Section is that on hydraulic Binders, 
Portland cement, alumina cement, and their hydration products. A supplement considers 
gypsum plasters. 

Especially in the first two sections the full mastership of Beljankin and his school is 
evident. With a nearly infinite carefulness the microscopic constitution of ceramic products 
of all kinds are described, analyzed in their mineral ingredients, and their chemical-petro- 
graphic reactions discussed with the surroundings. The practitioner will learn many details 
from this rich experience even if he never comes in contact with the Russian raw materials 
from which the products described by Beljankin have derived. These chapters have many 
parallelisms with what we observe in American raw materials and industrial products. 
There is a wealth of mostly excellent micrographs, valuable tabulations of chemical bulk 
analyses and graphs. In everything, the exact petrographic identification of the mineral 
constituents is in the foreground of discussion and the final conclusions are based on the 
accurate determination of the optical constants. Over 90 per cent of the methods used are 
of the classical ones with the polarization microscope; only occasionally is reflected light 
examination added if opaque minerals participate in the constitution of a given sample. 
In this point the American reader will be perhaps somewhat disappvinted. Especially in 
the third Section on hydraulic binders the microscopy of Portland cement clinkers and the 
special methods in use of production control are still somewhat “underdeveloped.” The 
nature of the hydration products of Portland cement was not yet a well known field 
when Beljankin finished his book, and even the excellent methods of B. Tavasci on the 
differentiation of the constituents of the Portland cement clinkers by etching methods are 
not sufficiently appreciated in their importance for modern clinker microscopy. Never- 
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theless, Beljankin spent much work on studies of the constitution of aluminate cements, 
and in his book tabulations of the powder diagram data of x-ray diffraction are found 
side-by-side with the fundamental optical data for all the important minerals of hydraulic 
binders. Beljankin was a sincere investigator zealous in having all his data accurate and 
reliable. He defended also with fervor clear definitions and precise wording, and he is a 
sharp critic of “liberties” which occurred in the International literature by arbitrary defini- 
tions. He really hated confusion arising if authors abused mineral names for industrial 
products or in physical-chemical conditions inadequate to the petrographic units in which 
they are found in nature. Equally sharply he criticizes the tremendous confusion which 
unfortunately exists in the literature of the Western hemisphere in the definition of poly- 
morphous modifications. The uniformity of definitions of modifications as it is evident not 
only in Beljankin’s book but all over the Russian literature, contrasts impressively with 
the confusion in our common textbooks and reference books. Beljankin is right when he 
assures that it is most unfortunate when authors forget every rule established on thermo- 
dynamic principles and define modifications they discovered rather 4 son gré. The reviewer 
must sympathize with Beljankin, because it is alarming how the confusion in this important 
field has grown in the last decade; and there is in our Western literature no sign of any 
improvement. Videant Consules! It is of minor importance that even such an accurate 
mineralogist as Beljankin occasionally slipped into errors of phase identification, e.g. he 
defined a typical iron-alumina spinel as gahnite (in the place of hercynite), or that he does 
not believe in the reality of protoenstatite, and some other slight misconceptions which 
are easily forgivable. The general tenor of the present book is so excellent that one also 
cannot object too much against some broadness in the text. One must regret to a higher 
degree that the sections on metallurgical slags, inclusions in steel, or of stones in glass have 
been omitted in the German translation which are an important part in the Russian 
original. 

The printing of the book was done with great care, especially in the beautiful micro- 
graphs and well-readable graphs; the publishers may be congratulated for the very good 
make-up of the book and the valuable indexes added to the text. A particular appreciation 
‘must be given to the translator who mastered the difficult original text and has given in 
the German-written edition a most helpful tool to Western investigators to get fully ac- 
‘quainted with the rich results of Beljankin and his school. 

W. Erre. 
Institute for Silicate Research 
University of Toledo. 


OPTISCHE DATEN ZUR BESTIMMUNG ANORGANISCHER SUBSTANZEN MIT 
DEN POLARISATIONS-MIKROSKOP, by Ernst Korpes. 192 pp., 8 charts (in 
rear pocket), 8 figures, 2 color plates. Verlag Chemie, G.M.B.H., Bergstrasse, Wein- 
heim, Germany. 1960. DM 43.00 ($10.75). 


Professor Kordes, who is Professor of Crystal Chemistry at the University of Bonn, 

has performed an outstanding service to chemists, crystallographers and mineralogists in 
compiling data for the optical identification of 1771 inorganic compounds. The introduction 
-and a list of the abbreviations and symbols used are followed by the general section of 
the book, divided into chapters dealing successively with (1) Determinative methods for 
inorganic substances by means of the polarizing microscope in transmitted light. (This 
| includes the two color plates depicting chiefly interference figures.) (2) A one-page diagram 
‘indicating the sequence of determining the optical characteristics with the polarizing 
‘microscope in transmitted light, (3) A list of liquids for the immersion method. ee is 
‘completely out of date and should be disregarded.) (4) A brief list of heavy liquids for 
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mineral separation. (This also requires modernization and expansion. (5) A one-page list 
of major references. The only work cited from the relatively extensive modern literature on 
ceramic compounds is the Glastechnische Tabellen of Eitel e¢ al. which was published in 
1932. 

The second part of the work begins with a description of the tables and charts. The 
main section which follows, consists of two sets of tables: (1) a descriptive set Table 0 
(isotropic substances), Tables 1+, 1— (uniaxial positive and negative), Tables 2+, 2— 
(biaxial positive and negative), and Table 2+ (biaxial with unknown sign); and (2a, 
determinative set. In the latter the arrangements are by increasing indices with separate 
tables for both e and w for (+) and (—) uniaxial crystals and for both y and a for (+) 
and (—) biaxial crystals. Each substance in the descriptive tables receives a number 
(Table number plus a decimal species designation) to which reference is made in the deter- 
minative tables and in the following table which lists the mineral name equivalents of 
those substances that occur naturally. An alphabetical list (alphabetically by chemical 
symbol) closes the book. Charts 1-3 plot index versus birefringence, charts 4-8 plot spe- 
cific gravity versus indices. 

E. Wm. HEINRICH 
University of Michigan 


ULTRAVIOLET GUIDE TO MINERALS, by CHartes M. Ritey, Van Nostrand Co., 
Inc., Princeton, New Jersey, x plus 244 pages, 16 color and 8 black-and-white photos, 
price $6.95. 


This is a welcome, practical handbook on fluorescent minerals. It is written clearly 
and is well illustrated. The text serves the needs of both the technical and popular reader. 
The author’s treatment of the subject matter is more applied than theoretical; however, 
many modern and new applied techniques are discussed or suggested. 

Tn addition to the applied concepts, Mr. Riley amiably contributes a long-needed col- 
lection of knowledge pertaining to fluorescent minerals in the form of seven tables, one for 
each color. The tables enable the investigator to compare the fluorescent color of his speci- 
men with the chart for that color, thus narrowing down his search to a few possibilities. 
Then, with the aid of the accompanying data the searcher can readily determine the 
mineral species. 

This handbook is recommended for collectors, lapidaries, prospectors, and technical 
investigators. 

WitiiAM A. KNELLER 
Eastern Michigan University 
Ypsilanti, Michigan 


SYSTEMATIC MINERALOGY OF URANIUM AND THORIUM, by Ctirrorp 
FRONDEL. U.S. Geological Survey, Bulletin 1064. 400 pp., 1 plate, 24 figures, 8 tables, 
1958. Supt. of Documents, Gov’t Printing Office, Washington 25, D. C. $1.50. 
Unfortunately not reviewed in The American Mineralogist at the time of its publication 

two years ago, this monograph deserves widespread recognition as an authoritative refer- 

ence on the properties and characteristics of many uranium and thorium minerals. It 
includes not only a critical selection of data from the older descriptions, but also repre- 
sents the summation of much original research by Frondel, his associates and his students, 
the results of many of which have previously appeared in the last several years in The 

American Mineralogist as contributions from the Department of Mineralogy and Petrogra- 

phy of Harvard University. 

Already, of course, a large number of new uranium and thorium minerals have been 
described since the manuscript went to press and a supplement is clearly in order. 
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The general section of the bulletin presents a brief review of the history of the study 
of radioactive species followed by statements on radioactivity, on its use in age deter- 
mination, on autoradiography and on radiation damage in crystals. These short sections, 
in their present form, are actually of but minor service to the main purpose of the work 
and should either be expanded or omitted. 

Nearly 90 species are described according to synonymy, composition, crystallography, 
habit, physical and optical properties, synthesis, identification and formation and occur- 
rence in nature. One of the most valuable features is the incorporation of x-ray powder 
spacing data obtained on authenticated material. The descriptive section is followed by 
identification tables in which the species are arranged to their d-spacings, composition, 
optical properties, color, specific gravity and fluorescence. More than 800 references 
document the monograph. 

Only two regrets trouble this reviewer: one, that the work was so long delayed in 
press (no fault of the authors), and two, that Professor Frondel failed to include descrip- 
tions of many other species that contain significant amounts of uranium, thorium or both. 
The choice under the multiple oxides seems particularly arbitrary, and this section surely 
remains incomplete without the inclusion of such species as euxenite, fergusonite, samarskite, 
etc., as well as a discussion of the identification problems of the various phases that appear, 
attendant upon recrystallization in air and neutral atmospheres. Likewise should such sili- 
cates as gadolinite, chevkinite and allanite be overlooked? The last is a particularly wide- 
spread radioactive mineral, and its content of radioactive elements varies much as does that 
of monazite in which Th is also essentially a ‘‘vicarious element,’’ but which is described. 
These are but minor disappointments in an otherwise outstanding and extraordinarily 
useful piece of work which can only be improved in any major manner by a much-to-be- 


hoped-for supplement. 
E. Wm. HEINRICH 


University of Michigan 
Ann Arbor, Mich. 


SEAMAN’S MINERAL TABLES, by Kiri Sprrorr. The Michigan College of Mining 
~ and Technology Press, Houghton, Michigan, 1959. 82 pages (ring binder 11X83). 
$2.50. 


This book is essentially a revision of Mineral Classification According to Cleavage and 
Crystal Habit, fourth edition, by W. A. Seaman. The latter, which has been out of print 
for a number of years, found long usage in courses in mineralogy at the Michigan College 
of Mining and Technology. ; f 

The present tables are arranged essentially as in the previous work. The major portion 
of the tables is based upon cleavage, desirable from the point of view of constancy among 
individual specimens of minerals. The first minerals listed are those with one cleavage 
(pinacoidal) or one cleavage much better than the others, followed by minerals with two 
cleavage directions, alike (prismatic) or different (two pinacoidal directions) and with 

_ specified angular relations. The complexity of the cleavage increases progressively and 
systematically through the tabulation. The last section of the cleavage tables is six direc; 

| tions, all alike, with angles of 60° and 90° (dodecahedral). Cleavage perfection is divided 
into seven categories. Within the basic framework of cleavage geometry, the minerals are 
listed according to luster, cleavage perfection, and angular values. 

| In addition to the tables based upon cleavage, other tables based upon crystal mor- 
phology, luster (arranged by color), streak (if diagnostic), and taste, are included. Also ae 
are tables of fibrous minerals with no streak and nodular or earthy minerals. A chart o 
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the classification of the igneous rocks is particularly noteworthy. Also a chart of sedi- 
mentary rocks and their metamorphic equivalents is given. 

Drawings of several crystals are shown. An error of projection appears in the clino- 
graphic projection of the orthorhombic crystal. 

The introductory remarks are rather chatty and seem to be directed to the amateur 
mineralogist. For example, “Someone once said, ‘To be a mineralogist you have to be a 
queer duck with pockets and car full of odd trash called “minerals.” ’ But we know there 
is more to it than that.’”’ A sort of history of mineralogy is included in the introduction. 
Various physical properties of minerals are discussed. Within the text, several pages are 
devoted to the calculation of the empirical chemical formulas of minerals, with worked-out 
examples. The tables are intended to be used in conjunction with Dana’s Textbook of 
Mineralogy, 4th edition, Wiley, 1932. Page references are given and the letters referring 
to crystal forms follow the Dana usage. 

The book is a valuable compilation, in that it includes a rather large tabulation of the 
macroscopically observable cleavage of minerals, appropriate to the long tradition at the 
Michigan College of Mining and Technology of the use of cleavage as a major determina- 
tive property of minerals. The reviewer detected no errors in the tabulation, although he 
does not pretend to be familiar with all of the minerals listed. The large number of rare 
minerals may tend to confuse the beginning student, unless the primary object of his course 
of study is a systematic approach to the methodology of mineral identification by cleavage 
and crystal form. It is hoped that a future edition will employ various sizes of type and 
style of listing to indicate the approximate relative importance of the minerals tabulated. 
The chemical compositions of the minerals would add to the usefulness of the book, as 
would an index of species. 

While Seaman’s Mineral Tables is not in itself suitable for most elementary or inter- 
mediate courses in mineralogy as generally taught today, the reviewer considers it a very 
useful reference. 

R. M. DENNING 
University of Michigan 
Ann Arbor, Michigan 


OPTICAL CRYSTALLOGRAPHY, by Ernest E. WAutstrom. 3rd Edition (1960), John 
Wiley and Sons, Inc., vii+356 pp. 


The first and second editions of Optical Crystallography (2nd Edition reviewed, Am. 
Mineralogist, 36, p. 924) have enjoyed wide acceptance for use as standard textbooks in 
beginning crystal optics courses. The third edition, which has been expanded and revised, 
should continue to be of value, not only to the mineralogist and geologist, but to workers 
in other fields as well. 

The general format of the textbook remains essentially unchanged from that of the 
previous editions. As in the previous editions, the author has avoided a purely mathematical 
approach to the subject in favor of a practical, graphical presentation suitable for the be- 
ginning student’s use with the polarizing microscope. The many new figures added to the 
third edition continue to maintain the high quality of illustration exemplified by its prede- 
cessors. Several sections have been rewritten and reorganized, and the expanded chapter 
dealing with crystal rotation methods, especially the detailed instructions on the use of 
the universal stage, will be of special value to the student. 

JOEL SHAPPIRIO 
Univerity of Michigan 
Ann Arbor, Michigan 


NEW MINERAL NAMES 


Beryllosodalite, Beryllium Sodalite 
Unnamed Be mineral 
E. I. Semenov anp A. V. Byxova. Beryllosodalite. Doklady Akad. Nauk S.S.S.R., 133, 
1191-1193 (1960) (in Russian). 


HENNING S@RENSEN. Beryllium minerals in a pegmatite in the nepheline syenites of 
Ilimaussaq, South West Greenland. Internail. Geol. Congress, Rept. 21st Session, 
Norden, 1960, Pt. 17, 31-35. 


These two papers describe what is apparently the same mineral. It occurs as a hydrc- 
thermal alteration product of chkalovite in pegmatites of Mt. Sengischorr and Mt. 
Punkaruaiv, Lovozero massif, Kola Peninsula, U.S.S.R., and as veins cutting chkalovite in 
an albite-analcime vein in nepheline syenite pegmatite, Tugtup agtakérfia, Ilimaussaq, 
Greenland. Analysis by A. V. Bykova of the Kola mineral gave SiQ» 50.45, Al,O3 12.56, 
Ga2O; 0.043, BeO (given as Be2Os) 5.30, CaO 0.50, NaxO 23.26, K»O 0.40, H.Ot 1.50, 
H;O7 1.51, Cl 6.04, sum 101.56, —(O=Ck) 1.40 (should be 1.37 M.F.), sum 100.26% 
(should be 100.19% M.F.). Spectrographic analysis by N. V. Lizunov showed also weak 
lines of Fe, Cu, and Mg. The analysis gives NasBeAISiyOwCl, 7.e., sodalite with BeSi 
replacing Al. The slightly low NayO and the presence of water may be due to alteration. 
The Greenland mineral has not been analyzed; spectrographic analysis showed the mineral 
to have main components Al, Ca, Na, Si, Mg, to be fairly rich in Be and Ga. The Ga/Al 
ratio of the Kola mineral is unusually high. The Kola mineral fuses easily B. B.; in ultra- 
violet light luminesces strongly rose-colored. 

The Kola mineral is rose-colored, bluish, greenish; the Greenland mineral is white, 
changing to light pink in strong sunlight. The Kola mineral is translucent, luster vitreous, 
fracture conchoidal, H. about 4, G 2.28. 

The Kola mineral is cryptocrystalline, weakly anisotropic, 2 about 1.495. The Green- 
-land mineral is uniaxial positive, us w 1.496+0.001, € 1.502 +0.002, apparently tetragonal 
with a distinct bipyramidal cleavage. 

: The x-ray powder diagrams of both minerals are stated to resemble that of sodalite, 

but to show splitting of reflections. The Greenland mineral («-ray powder data not given) 
‘is tetragonal, a 8.583, c 8.817 A. The Kola mineral is not cubic, but approximates @ 8.72 A. 
The strongest lines are 3.95 (10), 2.53 (8), 2.05 (broad) (8), 6.15 (7), 2.35 (7). 

Associated with the Kola mineral is a weathering product of chkalovite, unnamed, 
which is white, fine-foliated, with pearly luster, anisotropic, m 1.492. Spectrographic analy- 
sis gave Be, Si very strong, Mg, Al, Ca, Na medium. The x-ray powder pattern is given; 


the strongest lines are 4.11 (10), 2.96 (10), 2.50 (10), 1.806 (8). 
: MICHAEL FLEISCHER 


Zincsilite 
N. N. Smor’vantnova, V. A. Moteva AnD N. I. ORGANovA. A new aluminum-free member 
of the montmorillonite-sauconite series. Acad. Sci. U.R.S.S., Comm. for Study of Clays, 
Repts. to Meeting of Internatl. Comm. for Study of Clays, 1960, 45-52 (in Russian). 
| The mineral occurs in the zone of oxidation of the skarn galena-sphalerite-chalcopyrite 
deposits of Batystau, central Kazakhstan. It forms as a homo-axial pseudomorph after 
diopside and is associated with chrysocolla, supergene fluorite, opal, and manganese 


oxides. cuGe 5 
The mineral is white to bluish, occurring as fine foliae or lamellae up to 2X1.5X0.5 mm. 


Cleavage (001) perfect, luster pearly on cleavage face. G. 2.67-2.71 (by suspension), 
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H. 13-2. Optically biaxial, negative, ms, a 1.514+0.002, B 1.559 +'0.033 (misprint for 
0.003 ? M.F.), 7 1.562+0.002, 2V variable 0-22°. c:Z=3°, X nearly perpendicular to 
(001), plane of optic axes parallel to (010). After being heated to 400°, the mineral becomes 
greenish-brown and distinctly pleochroic, X pale green, Z dark brownish-green, ns, a 
1.512 +0.002, y 1.570+0.003. 

Analyses were made by V.A.M. of white and bluish varieties, both containing fine- 
grained diopside, garnet, chrysocolla, opal and quartz. These gave, respectively: ZnO 
26.64, 35.00; CuO 0.60, 3.07; MgO 4.62, 1.08; MnO 0.40, ——; CaO 6.40, 2.00; AlO, 
0.84, 0.70; FeO; 2.16, 1.55; SiOz 47.60, 42.75; H:O~ 6.35, 8.50; HzO* 4.35, 6.00; sum 
99.96, 100.65%. The analyses were recalculated by subtracting total AloO; and Fe2Os: 
and corresponding CaO and SiO» as garnet, the remaining CaO and MgO and corresponding 
SiO» as diopside, and the CuO with SiO. and H:O as chryscolla. This gives formulas 
3ZnO-5.01Si02:5.37 H2O and 3ZnO-4.17Si02-5.31 H.O. If it is assumed that some opal 
and quartz were present, the formula might be written Zns St Oio(OH)2-7H2O, with 
about 4. 

The mineral is decomposed by acids and partly decomposed by treatment with 5% 
NayCO; solution. Ion exchange experiments with 10% NH;Cl solution gave in solution for 
the first sample SiO, 0.40, CaO 0.70, MgO+ZnO 0.20%; for the second SiO, 0.32, CaO 
0.46%. Because SiO: was found, it is not clear whether there was ion exchange or partial 
decomposition. The mineral treated with benzidine hydrochloride is colored pale greenish- 
blue, which turns to intense blue. 

A D.T.A. curve and loss of weight curve by E. P. Val’yashikhina are similar to those 
of sauconite, with a large endothermal break at about 200° and small exothermal breaks 
at about 765° and 920°. Willemite was found at 765°. 

X-ray powder data are given (for sample No. 2). The strongest lines are 15.3 (10), 
4.09 (7), 1.528 (6). After treatment with glycerol, the strongest line is at 17.6; after 
heating at 400°, this (001) line is at 10.0 A. The (060) reflection gives 6)=9.17 A. 

The authors consider the mineral to be the end-member of the series montmorillonite- 
sauconite-zinesilite, all analyzed sauconites containing 6% or more AlsO», corresponding 
to the Mg series montmorillonite-saponite-beta-kerolite (most mineralogists would replace 
the ill-defined beta-kerolite by stevensite M.F.). 

The name is for the composition. 

Discusston.—The formula derived is somewhat uncertain, because 15-30% impurities 
had to be deducted. The authors point out that the optics indicate some variation in com- 
position and that Fe is probably present in the mineral, judging from the behavior when 
heated. Nevertheless, the formula deduced must be nearly correct. An exact analogy to 
stevensite must remain questionable because of the uncertainty of the ion-exchange data. 

I would have preferred to extend the definition of sauconite to cover this composition, 
without the introduction of a new term, but the authors have followed the present practice 
as applied to Mg minerals. 

M. F. 
Rozenite 


J. Kupisz. Rozenite, FeSOy-4H20, a new mineral. Bull. acad. polonuise sci., Ser. sci. geol. 
geogr., 8, 107-113 (1960) (in English). 


The mineral was found on the slopes of Ornak, Western High Tatra, as efflorescences 
on weathered gneisses containing pyrite, and in an old gallery of the “Staszic’ pyrite 
mine at Rudki, Poland, where air temperatures were close to 30° C. At both places it was 
probably formed by the dehydration of melanterite. The mineral is colorless. Optically 
negative, 2V about 90°, ms (Na)—Ornak @’ 1.529, y’ 1.543, “‘Staszic” a’ 1.527, y’ 1.5428. 
G. 2,195 (“Staszic’”). Analysis from “Staszic’’ mine gave FeO 31.13, MgO 0.97, MnO 
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0.06, SO; 36.29, H»O 32.98, sum 100.43%, corresponding to FeSO,-4H2O. X-ray powder 
data are given; the mineral is isomorphous with ilesite and starkeyite (leonhardtite). D.T.A. 
and thermogravimetric curves are given. Synthetic FeSQ,-4H0 is stated by Groth to be 
monoclinic. 

Discusston.—This is identical with siderotil, see Dana’s System, 7th Ed., v. II, pp. 
491-492, and is therefore an unnecessary name. Dana gives it as “FeSQ,-5H,O (2). The 
water content is uncertain and the natural mineral may be the tetrahydrate.” The optical 
data given by Kubisz agree perfectly with those given for siderotil. 

M. F. 


Magnesium szomolnokite 


| J. Kustsz. Magnesium szomolnokite, (Fe, Mg)SO,-H20. Bull. acad. polonaise sci., Ser. 


sci. geol. geogr., 8, 101-105 (1960) (in English). 


An analysis, optics —7s (Na) a 1.558, y 1.629), and x-ray powder data are given for 


(Feo.s9Mgo.41)SO,-H2O from the ‘“Staszic Mine,” Rudki, Poland. The name magnesium 


| szomolnokite is suggested. 

Discusston.—This should be called simply magnesian szomolnokite to avoid the 
| difficulty that magnesium szomolnokite might be construed as meaning kieserite and to 
| avoid separating it in indexes from szomolnokite. 

M. F. 


Hydronium jarosite 


j. Kusisz. Hydronium jarosite—(H;0)Fe3(SO;)2(OH).»5. Bull acad. polonaise sci., Ser. 
sci. geol. geogr., 8, 95-99 (1960) (in English). 


Kubisz gives a new analysis of a jarosite mineral from ‘“‘Staszic Mine,’’ Holy Cross Mt., 
which gives the formula [Ko.10Nao.11(H2O)o.79]Fes(SOs)2(OH) 6, and reviews earlier analyses. 
Material like this has been called carphosiderite (see Dana’s System, 7th Ed., 1, 566-567), 
with the ascribed formula (H2O)Fe;(SOs)2(OH);:H2O. Since Moss (see Am. Mineral., 42, 
586 (1957) ) has shown that carphosiderite is an alkali-containing jarcsite, it is suggested 


that this name be dropped in favor of hydronium jarosite. 


M. F. 


Sokolovite 


_ A. K. SHarova AnD A. K. Grapovsxktt. Mineral composition, genesis, and alteration of the 


Lower Cretaceous bauxites of the eastern slope of the Urals and the Turgaisk Plain. 
Bauxites, their mineralogy and genesis. Akad. Nauk S.S.S.R., Oldel geol.-geogr. Nauk, 
1958, 70-79 (in Russian). 

The mineral occurs in cavities between bauxite pebbles in the Sokolov deposits, eastern 
< slope of the Middle Urals. It is snow-white, finely crystalline, weakly birefringent with 
| birefringence 0.008, mean n 1.623+0.002, H. 2.5, G. 2.94. A D.T.A. curve shows a weak 
« endothermal effect at 425° and a strong one at 575°. A heating curve shows losses of weight 
14.46% at 325°, 10.68% at 500°, 16.92% at 650°, 19.54% at 900°, 20.58% at 1000° and 
11200°; the m decreases steadily to 1.534 at 800°, then increases to 1.550 at 900°, 1.568 at 
1 1000°, 1.630 at 1200°. 
| Analysis gave AloO; 47.18, Fe.O; trace, CaO 6.23, SrO 10.77, MgO trace, P.O; 14.01, 
| H,O 21.80, SiOv, TiOz, CO: traces, sum “99.90%.” After subtracting 5.6% gibbsite, this 
‘corresponds to 2(Ca, Sr)O-4Al,03: P205-11H20, with Ca slightly in excess of Sr. 

X-ray powder data are given. The strongest lies are 2.20 (s), 1.80 (s), 3.5 (m), 3.3 (m), 
12.43 (m), 1.45 (m), 1.28 (m), 1.195 (m). 
The name is for the deposit. 


- Discussron.—Inadequate data. The mineral is similar in 


composition to goyazite. 
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(2SrO-3Al,0;:2P0;-6H2O) and the analogous calcium mineral crandallite, but the a-ray 
pattern differs noticeably from the published data for these minerals. The «x-ray pattern 
agrees rather closely with data published for svanbergite (2SrO -3Al,0;- P205-2SOs-6H:0) 
and its calcium analogue, woodhouseite. It is not stated whether sokolovite was tested 
for sulfate. Material close to svanbergite in composition has been described from a bauxite 
deposit (see tikhvinite, Dana’s System, 7th Ed., vol. 2, p. 1006). 

- Mer: 


Rezhikite 


M. V. SoBpoteva AND N. D. Soporev. Genesis and prospecting criteria of deposits of azure- 
blue rezhikite asbestos. Sovetskaya Geol., 1959, No. 9, 94-104 (in Russian) 


The name rezhikite is given to a deep blue amphibole asbestos, of which many deposits 
are known. Complete analyses are given of 13 samples; these show SiO: 54.36-57.97, 
AloO3 0.30-1.29, FexO; 8.38-11.90, FeO 0.72-3.66, MgO 14.41-19.75, CaO (partly from 
calcite) 0.21-1.79, Na2O 7.80-10.24. The general formula is given as 


(Nas.4K.1Cao.1)2.6(Mgs.9Fe?*0.2F e*0.9)5.0(Siz.9Alo.1)Ox(OH)». 


Despite the variation in composition, the indices of refraction are stated to fall into the 
narrow range, ms a 1.635-1.637, y 1.640-1.644, birefringence 0.005—-0.007, ¢:Z=4-6°, 2V 
small. The mineral is in composition near magnesioriebeckite and magnesioarfedsonite 
(see Am. Mineral., 43, 797-798 (1958) ), but differs somewhat in optics. 

The source of the name is not stated. 

Discussion. —Inadequate data, especially none on pleochroism. New names should 
not be given without a thorough comparison of all the data on this complex group. 

M. F. 


Wohlerite 


G. P. VpovyKkINn. Preliminary results of luminescence-bituminological studies of four car- 
bonaceous chondrites. Akad. Nauk S.S.S.R., Meteoritika, 18, 78-82 (1960) (in Russian) , 


The name wohlerite is proposed for the organic matter found in carbonaceous chon- 
drites. If this must be named, and I see no reason why it should be, it should have been 
possible to find a name not already pre-empted for a well-known mineral. The sodium- 
calcium-zirconium-niobium silicate wéhlerite was named by Scheerer in 1843. 

M. F. 


NEW DATA 
Hsianghualite 


A. A. Brus. Geochemistry of beryllium and the genetic types of beryllium deposits. Akad. 
Nauk SSSR, Inst. mineral., geokhim., i kristallokhim redkikh elementov 1960, 1-329 (in 
Russian) 


On pp. 60-61 is given a description of a mineral, described under the name Hsiang-hua- 
shih (shih=stone) in Am. Mineral., 44, 1327 (1959). The Russian transliteration of the 
name is Syankhualite (or syanhualite), The data given differ somewhat from those in the 
previous description. 

Formula LizCasBes(SiOy)sF:. Analyses SiO» 35.66, 36.64; CaO 34.60, 35.18; BeO 15.78, 
16.30; LizO 5.85, 5.60; NaxO 0.13; 0.03; KsO 0.06, 0.03; AlO; 0.50, ——; Fe:0; 0.22, 0.06; 
MgO 0.18, 0.17; F 7.81, 7.27; loss on ignition 1.28, ——; sum 102.07, 101.28—(OQ=F)) 
3.2, 3.06 = 98.87, 98.22%. Cubic, do 12.897, H 63, G. 2.97-3.00, n 1.613, no cleavage. Beus 
points out that 7 and G. are very high for this composition; the structure is not yet known. 

M. F. 
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can supply most of your classroom mineral and rock needs at competitive prices. 
Poundage, lots of 1 x 1” specimens, larger specimens—all are available in qual- 
ity material. Sorry, no school catalog available, but why not give us the opportunity 
of bidding on the minerals you need? We have more than 500 species in stock. 


Some examples of what is available, and at what prices: 


25¢ per Ib. 

Chromite—Phillipine “leopard ore” 

Epidote—solid green massive (California) 
Actinolite—coarse green crystallized masses (California) 
35¢ per Ib. . 
_Anorthite—cleavages in hornblende norite (California) 
Oolitic hematite—reddish pisolitic masses (New York) 
Magnetite—black massive, no polarity (California) 

50¢ per Ib. 

Psilomelane—black massive, some reniform (New Mexico) 


_ Burkeite—buff crystalline masses (California) 
Glauconite—dark green cementing sandstone (Texas) 


55¢ per lb. 

Knotted schist—shows incipient porphyroblasts (California) 
Bishop tuff—an unwelded tuff (California) é 
Campito sandstone—magnetite-rich arkosic sandstone (California ) 
Peridotite—“Kimberlite” (Arkansas) 

Olivine peridotite—“Dunite’” (No. Carolina) 

75¢ per Ib. 

3 Galena—good quality cleavable and cleavages (Tri-State) 
Tremolite—coarse radiating silky masses, some rock (Utah) 
Oligoclase—white to brown-stained, striated. Ratio ABss : ANss (New York) 
$1.00 per Ib. 

Clinozoisite—yellow-green granular, with quartz, mica (Oregon) 
Nephrite—grey-green crystalline masses (California) 

Be $2.00 per Ib. 

Cinnabar—blood-red cleavages scattered on quartzite (Nevada) 

Turquois—blue masses in rock (Arizona) 


$2.25 per Ib. 
Smaltite—tin white metallic, very rich, with other arsenides (Canada) — 
Tyuyamunite—bright yellow encrustations on limestone (New Mexico) 
$5.00 per Ib. 
Jamesonite—grey metallic in quartz, with scheelite. (Idaho) 


$7.50 per Ib. 
Bismuthinite—rich grey metallic (Ariozna-Colorado) 
Melanocerite—brown to black masses in calcite, etc. (Canada) 


All of the “usual” minerals in good quality—Azurite, Arsenopyrite, 
Hornblende, Beryl, Gypsum (many forms), Almandine, Biotite, ete. 
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| Our largest and finest geology catalog offers you the widest choice of the best: 


1. Mineral, rock and fossil teaching, study and reference collections. 
2. Mineral, tock and soil specimens; individually and in bulk. 

3. Special series of reference clay minerals. 

"4, Individual fossil specimens. 


5. Paleontology and animal kingdom charts. 


6. Light weight plastic relief maps. 


7. Aids for crystallography (models, goniometers, protractors). 
8. Geomorphological models. 


me 9. Color slides for geology, mineralogy, paleontology; black and white trans-— 


parencies on glaciers, astronomy. 


L406: Field and laboratory equipment—the largest listing ever. 


11. Superb selection of the finest storage and display equipment. 


“13. Thin section and lapidary equipment. 
14. A full line of weather instrument. . . 


15. Fluorescence and radiation equipment. 


Ward's big geology catalog, #603, is the answer to every geologist’s needs. We 
are just as anxious to send you this new catalog as we think you will be to receive. 
it. If you are affiliated with a teaching, industrial or research institution, your copy — 
is absolutely free, Just write on your school or business letterhead. Ask for Ward's _ 
Geology Catalog #603. \) 
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